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31 General introduction 
Cellular protection
Life is stressful, not only mentally for 
many higher vertebrates but also physi-
cally for all life. This physical stress is 
caused by endogenous and exogenous 
factors that disturb the homeostasis of 
cells, and as a consequence the well 
being of the whole organism. One im-
portant way of disturbing homeosta-
sis is the accumulation of detrimental 
agents from the environment in the cell 
which adversely interact with cellular 
components. Other environmental fac-
tors causing disruption of homeosta-
sis are elevated temperatures, viral or 
bacterial infection and different kinds 
of radiation. Next to exogenous factors 
also endogenous processes can result 
in deleterious situations in cells. For ex-
ample, during high metabolic activity an 
accumulation can occur of reactive oxy-
gen species and other reactive metab-
olites. And when proteins encoded by 
defective genes are expressed, aggre-
gates or proteins with adverse function-
ality can occur, stressing the cell.
If there were nothing to counteract 
these different factors that lead to pro-
tein modifications, DNA damage and 
accumulation of reactive molecules, 
life would not be possible. So, over 
time protective systems have evolved 
that minimize the effects of these del-
eterious factors. For instance, many 
pathways that tackle the accumula-
tion of detrimental agents are based 
on the function of transporters that 
are very efficient in actively transport-
ing these agents out of the cell. The 
NorA transporter of Staphylococcus 
aureus and the tripartite efflux pumps 
of Pseudomonas aeruginosa are ex-
amples of proteins in bacteria conferring 
increased resistance towards antibiotic 
treatment (Yoshida et al. 1990; Poole 
and Srikumar 2001). Another exam-
ple of these transporters is the MDR1 
protein responsible for the decreased 
susceptibility of cancer cells for drugs 
administered during chemotherapy 
(Chen et al. 1986). Other pathways 
tackle the problem of reactive oxygen 
species and other reactive metabo-
lites by using antioxidants like vitamin 
C (ascorbic acid), vitamin E (α-toco-
pherol), vitamin A, glutathione (GSH), 
superoxide dismutase (SOD) and cat-
alase (CAT) (Mates 2000). Another im-
portant group of pathways has evolved 
to protect the cell against DNA damage. 
The two most important of these are the 
base excision repair (BER) pathway and 
the nucleotide excision repair (NER) 
pathway, working mainly on mutations 
caused by endogenous and exogenous 
agents, respectively (Lindahl and Wood 
1999). 
Finally there is what is called a mul-
tichaperone network interacting with un-
correctly folded proteins to help them 
refold to their mature or native state or 
direct them to degradation. The families 
comprising this multichaperone network 
are often called the heat shock pro-
tein families since most of these pro-
teins are expressed at increased levels 
when cells are stressed, of which an in-
4Chapter 1. General Introduction
5
Chapter 1. General Introduction
Figure 1. Hsp60 and Hsp70 working together to fold newly translated proteins. During translation, pep-
tides emerging from the ribosome are bound by Hsp70 to prevent undesirable protein-protein interac-
tions. Subsequently, Hsp70 assists in folding these peptides to their mature state or they can hand them 
over to Hsp60 (the chaperonins) which in turn further assists the folding of the protein. The figure is 
adapted from Molecular Cell Biology, 4th edition, Lodish et al. (2000).
crease in temperature is a model situa-
tion. One of these protein families, and 
the main subject of this thesis, is the 
family of the small heat shock proteins 
(sHsps). Since the sHsps are part of the 
multichaperone network, the other heat 
shock protein families will be first de-
scribed in the next paragraphs. These 
other Hsps include the Hsp70/DnaK 
system, the chaperonin system and the 
high molecular weight chaperones: the 
Hsp90 and Hsp100/Clp families.
The Hsp70/DnaK system
The Hsp70 protein family is one of 
the largest and most important heat 
shock protein families that play a role 
in keeping the cellular proteins in a well 
folded state. There are mainly two situ-
ations where Hsp70 exerts this function. 
During the translation of newly synthe-
sized peptides, Hsp70 interacts with 
the peptide emerging from the ribos-
ome and prevents unwanted protein in-
teractions (Hartl and Hayer-Hartl 2002) 
(Figure 1). Bound to these nascent 
peptides, Hsp70 can also facilitate the 
translocation of these peptides over en-
doplasmic reticulum membranes (Young 
et al. 2003). Secondly, during non-phys-
iological conditions Hsp70 can bind to 
unfolding proteins,  prevent aggrega-
tion and facilitate the refolding of these 
proteins once the situation in the cell 
has returned to normal (Schumacher 
et al. 1996). ATP hydrolysis is needed 
to supply the energy required for these 
processes. To regulate this ATP hydrol-
ysis and the ADP/ATP exchange Hsp70 
needs additional proteins, of which 
Hsp40 and GrpE are two important ex-
amples (Kelley 1998). They interact with 
Hsp70 to form a Hsp70/Hsp40/GrpE 
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complex and are therefore often called 
co-chaperones (Kelley 1998). 
The Hsp70 family is widespread 
and can be found in all three kingdoms 
of life, indicating a very ancient origin 
(Karlin and Brocchieri 1998). Until re-
cently Hsp70 was thought to be present 
in all organisms since all investigated 
species contained at least one copy 
of the gene. However, the sequencing 
of complete prokaryotic genomes re-
vealed the absence of Hsp70 genes in a 
number of archaea, like Methanococcus 
jannaschii, Archaeoglobus fulgidus, 
Pyrococcus furiosus, Pyrococcus 
horikoshii and Pyrococcus abyssi 
(Macario et al. 1999, Table 13), indicat-
ing that Hsp70 is not essential for life. 
In organisms that do posses a Hsp70 
gene usually multiple copies are found, 
and in eukaryotes the Hsp70 proteins 
are located in the cytoplasm, endoplas-
mic reticulum, mitochondria and chloro-
plasts (Karlin and Brocchieri 1998). For 
a protein that is found in members of all 
three kingdoms of life, and thus has an 
ancient ancestor, Hsp70 is remarkably 
conserved (Boorstein et al. 1994; Karlin 
and Brocchieri 1998).
The chaperonins
The chaperonin system is, like the 
Hsp70 system, widespread and can be 
found in archaea, bacteria and eukaryo-
tes. This family is also called the Hsp60 
Figure 2. The structure of type I en II chaperonins. (A) As an example of the type I chaperonins the 
asymmetrical GroEL-GroES-(ADP)7 structure determined by Xu et al. (1997) is depicted. Two heptamer-
ic GroEL rings are stacked together with a heptameric GroES ring on top. The lower and upper GroEL 
rings are called the trans and cis rings, respectively. The GroES ring is associated with the cis GroEL 
ring. (B) As an example of the type II chaperonins the T. acidophilicum thermosome is shown. This com-
plex consists of two octameric rings stacked together. Because of the build-in lid no GroES-comparable 
ring is needed (Ditzel et al. 1998). The figures are adapted from Ditzel et al. (1998).
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protein family and can be divided into 
two main groups, the type I and type II 
chaperonins. 
The type I chaperonins are repre-
sented by the bacterial GroEL, mito-
chondrial Hsp60 and chloroplast Cpn60, 
while the type II chaperonins are only 
found in archaea and the eukaryotic cy-
tosol (Kusmierczyk and Martin 2001). 
GroEL, like all type I chaperonins, forms 
a functional unit by stacking two hep-
tameric GroEL rings and one hepta-
meric GroES ring on top of each other. 
The GroES co-chaperone is a 10-kDa 
protein forming a detachable lid on a 
GroEL cage, giving the structure a cylin-
drical shape (Saibil and Ranson 2002) 
(Figure 2A). The folding of substrate 
proteins takes place inside the GroEL/
GroES cage and is regulated by the 
binding and hydrolysis of ATP (Meyer et 
al. 2003) (Figures 1 and 3). 
The type II chaperonins in ar-
chaea are called the thermosomes, 
and those in the eukaryotic cytosol 
are known under a number of names: 
TCP-1 (Tailless complex polypeptide 
1), CCT (Chaperonin-containing TCP-
1) or TriC (TCP-1 ring complex). The 
functional unit is again formed by stack-
ing two rings together, but no detacha-
ble GroES-like lid has been found to be 
present. Instead, upon binding of ATP 
structural changes provide a built-in lid 
from the apical side of the two rings 
(Kusmierczyk and Martin 2001). 
Another difference between the type 
I and II chaperonins is the number of 
different subunits and the number of 
subunits per ring in the functional unit. 
In contrast to rings composed of at most 
two types of subunits in type I chaper-
onins, the rings of type II chaperonins 
are composed of one to three different 
subunits in archaea and eight different 
subunits in eukaryotes (Archibald et al. 
2001; Kusmierczyk and Martin 2001). 
Moreover, the type II chaperonins are 
composed of two octameric or nona-
meric rings stacked together instead of 
the two heptameric rings in type I chap-
eronins (Ditzel et al. 1998) (Figure 2B). 
Despite this diversity in types and num-
bers of subunits per functional unit, the 
type II chaperonins are much more se-
lective with regard to the proteins they 
assist in folding (Dunn et al. 2001). As 
with the Hsp70 protein, it was thought 
that the chaperonins were essential for 
life, but completely sequenced genom-
es have shown also in this case that not 
all organisms contain chaperonin genes 
(Glass et al. 2000).
The Hsp90 family
The Hsp90 chaperones are not as 
well studied as the Hsp60 and Hsp70 
protein families, but in recent years 
much progress has been made in un-
derstanding the function of the Hsp90 
chaperones. Unlike the Hsp60 and 
Hsp70 proteins, the Hsp90 chaperones 
are not found in all three kingdoms. A 
Hsp90 homolog can not be found in ar-
chaea, and the bacterial Hsp90 homolog 
HtpG seems to be absent in some bac-
teria (Macario et al. 1999). However, 
in eukaryotes the Hsp90 chaperones 
are essential (Borkovich et al. 1989; 
Cutforth and Rubin 1994) and can be 
found as two isoforms, called Hsp90-α 
(Hsp84) and Hsp90-β (Hsp86), shar-
ing 76% identity. Grp94 is a homolog of 
Hsp90-α/β and shows 50% sequence 
identity. Studies have shown that Grp94 
can bind to a limited number of proteins 
in the secretory pathway by recogniz-
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Figure 3. Simplified scheme of protein folding in the GroEL-GroES cavity. The folding process starts 
with binding of a folding intermediate (I) to the trans GroEL ring. Subsequent binding of 7 ATP molecules 
and GroES to the same ring results in the release of 7 ADP molecules and GroES from the cis ring of the 
complex. During the approximately 10 seconds that the ATP molecules hydrolyze, folding takes place in 
the GroEL-GroES cavity. Binding of ATP to the trans ring then triggers the release of GroES and the na-
tive protein (N) or still not completely folded intermediate (I). Several of these cycles can be necessary 
for complete folding of the intermediates. The figure is adapted from Hartl and Hayer-Hartl (2002).
ing advanced folding intermediates, 
and that Grp94 can deliver peptides for 
presentation to T lymphocytes (Argon 
and Simen 1999). Although Hsp90-α/β 
and Grp94 are mainly found in cytosol 
and ER, respectively, they can also be 
present outside these compartments 
(Munro and Pelham 1987; Langer et 
al. 2003). A fourth member of the eu-
karyotic Hsp90 family is called TRAP-1. 
It is more similar to the bacterial HtpG 
than to Hsp90-α/β and Grp94 (Felts 
et al. 2000), and is mainly found in the 
mitochondrial matrix and to some ex-
tent also at specific extramitochondrial 
sites (Cechetto and Gupta 2000). Like 
Hsp90, TRAP-1 binds ATP and shows 
ATPase activity, but lacks the ability 
to bind proteins known to interact with 
Hsp90. Thus, TRAP-1 has functions 
that are distinct from those of Hsp90 
(Felts et al. 2000).
In the cytosol of eukaryotic cells 
Hsp90 interacts with certain substrate 
proteins bound to the Hsp70 machin-
ery to finish the folding of these bound 
substrates to their mature state (Jakob 
et al. 1995). A well studied example is 
the interaction of Hsp90 with the gluco-
corticoid receptor in collaboration with 
Hsp70, Hsp40, Hop and p23 (Pratt and 
Toft 2003). Many of the other known 
substrates of Hsp90 are components 
of signal transduction pathways and the 
cell cycle (Picard et al. 1990; Xu and 
Lindquist 1993; Richter and Buchner 
2001). Since Hsp90-assisted folding of 
substrate proteins is not a general proc-
es in cells and takes place at the final 
stage of the folding proces, Hsp90 prob-
ably also acts as a specific regulator of 
the processes in which the substrate 
proteins participate. The interaction of 
Hsp90 with the Hsp70 machinery is a 
nice example of two chaperone systems 
working together to guard the protein 
quality of the cell.
The Hsp100/Clp family
The Hsp100/Clp chaperones are a 
subfamily of the AAA+ ATPases and 
can be divided in two classes (Schirmer 
et al. 1996; Neuwald et al. 1999). The 
class I members have two nuclear bind-
ing domains (NBDs), called ATP-1 and 
ATP-2 and are of the A-, B-, C- or D-
types. Members of the second class 
only have one NBD, which is homolo-
gous to ATP-2 and comprises types M, 
8Chapter 1. General Introduction
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N, X and Y (Schirmer et al. 1996). In 
the presence of ATP, hexameric rings 
are formed (Parsell et al. 1994; Kessel 
et al. 1995; Kessel et al. 1996; Maurizi 
et al. 1998) that can interact with pro-
teases (e.g. ClpP) that are organized in 
heptameric rings (Kessel et al. 1995). 
A complete structure is composed of 
two stacked heptameric protease rings 
flanked on both sides with a hexam-
eric ring of a Hsp100/Clp family mem-
ber (Kessel et al. 1995). This structure 
is comparable in structure and function 
with the eukaryotic 26S proteasome 
(Kessel et al. 1995). In this complex the 
chaperones are thought to be respon-
sible for unfolding substrate proteins, 
making them more susceptible for pro-
teolysis, and transport these substrate 
proteins to the catalytic cavity formed by 
the two central protease rings (Hoskins 
et al. 1998). However, not all Hsp100/
Clp family members bind to protease 
subunits, instead they interact with the 
Hsp70/DnaK chaperone system in or-
der to refold the substrate back to its na-
tive folded state (Glover and Lindquist 
1998; Zolkiewski 1999).
The small heat shock proteins
General information
The last family of proteins discussed 
here, and the main interest of this the-
sis, are the small heat shock proteins 
(sHsps). As implied by the name the 
members of this family are small as 
compared to the chaperone families 
discussed above. The average subunit 
mass of the sHsps is about 20 kDa, but 
they can be as small as 12 or as large as 
42 kDa. The first members of this fam-
ily were discovered in the early eighties 
in Drosophila melanogaster as a clus-
ter of four closely related genes located 
at the 67B heat shock locus, hence the 
name heat shock proteins (Craig and 
McCarthy 1980). A few years after the 
discovery of these proteins the α-crys-
tallins, found in high amounts in verte-
brate eye lenses, and two heat shock 
proteins found in Caenorhabditis ele-
gans were shown to be homologous to 
the heat shock proteins found in D. mel-
anogaster (Ingolia et al. 1980; Russnak 
et al. 1983). The sequence similarity is 
limited to a region of 80-100 amino ac-
ids in the C-terminal region of the pro-
teins. Since then this particular domain 
is called the “α-crystallin” domain and is 
the hallmark of all the members of the 
sHsp family. As mentioned, another im-
portant feature of these proteins is the 
increased expression after a heat stress 
is applied. However, when more and 
more members of the family were dis-
covered and characterized it was obvi-
ous that an increase in sHsp expression 
could also be triggered by other forms 
of stress, like harmful agents, acidic pH 
or oxidative stress (Jobin et al. 1997; 
Morrow et al. 2004). Expression of oth-
er sHsps turned out to be developmen-
tally regulated (Michaud et al. 1997; 
Davidson et al. 2002) and/or tissue spe-
cific (Michaud et al. 2002). When com-
paring the sHsps in general they appear 
to provide cells with the ability to protect 
themselves against all kinds of insults.
Occurrence and localization of 
sHsps
Until recently, it was thought that all 
organisms have at least one copy of a 
sHsp gene in their genomes. However, 
completely sequenced genomes have 
shown that a number of bacteria can do 
8Chapter 1. General Introduction
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without (This thesis). Furthermore, the 
deletion of IbpA and IbpB - the sHsp ho-
mologs of Escherichia coli (Kitagawa et 
al. 2000) - was not lethal and the same 
was found for Hsp30 from Neurospora 
crassa (Plesofsky-Vig and Brambl 
1995) and Hsp16.6 from Synechocystis 
sp. strain PCC 6803 (Lee et al. 1998). 
These organisms showed no aberrant 
behaviour except for growth disadvan-
tages that become apparent during 
stressful conditions. In general, bacte-
ria and archaea show one or two sHsp 
gene copies in their genomes, with the 
exception of rhizobia species which can 
have more than ten different copies 
(Munchbach et al. 1999). The number 
of sHsp gene copies in known eukary-
otic genomes ranges from two in yeast 
to 12 in D. melanogaster (Michaud et al. 
2002), 16 in C. elegans (Candido 2002), 
19 in Arabidopsis thaliana (Scharf et al. 
2001) and, as described in this thesis, 
10 in humans. The genome of A. thal-
iana shows an additional 23 α-crystal-
lin domain containing proteins that can 
not be classified according to the 5 sub-
groups of plant sHsps. Of these 5 sub-
groups of sHsps two are found in the 
cytosol, one in the endoplasmatic re-
ticulum, one in the mitochondria, and 
one in the chloroplasts (Waters 1995; 
Waters et al. 1996). In other eukaryo-
tes organelle-specific sHsps have been 
found in mitochondria only, or asso-
ciated with mitochondria (Plesofsky-
Vig and Brambl 1990; Nakagawa et al. 
2001; Morrow et al. 2004). During stress 
conditions, expressed sHsps can relo-
cate to other parts of the cell. For exam-
ple, human Hsp27, αA-crystallin, Hsp20, 
HspB2 and HspB3 translocate to the 
actin cytoskeleton upon proteasomal in-
hibition (Verschuure et al. 2002). Other 
sHsps, like human Hsp20 and Artemia 
franciscana p26 are known to translo-
cate to the nucleus upon stress (van de 
Klundert and de Jong 1999; MacRae 
2003).
Structure of sHsps
The α-crystallin domain is required 
for proteins to be considered as a mem-
ber of the sHsp familiy and it is usually 
flanked by a non-conserved N-termi-
nal domain and a C-terminal extension 
(Figure 4). The conservation of the α-
crystallin domain throughout the three 
kingdoms indicates that this domain 
forms an important structural feature of 
sHsps. However, the actual 3D structure 
of any sHsp was not known until the pub-
Figure 4. Schematic representation of sHsps from different organisms. The conserved α-crystallin do-
mains (black) are flanked by non-conserved N-terminal domains and C-terminal extensions (grey). 
Tsp36 of the tapeworm Taenia saginata contains two α-crystallin domains and its characterization is des-
cribed in Chapter 5 of this thesis.
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lication of the crystal structure of M. jan-
naschii MjHsp16.5 (Kim et al. 1998a). It 
was shown that the α-crystallin domain 
of this archaeal sHsp consists of 10 β-
strands forming an immunoglobulin-like 
fold (Figure 5A). Site-directed spin labe-
ling of vertebrate αA-crystallin (Koteiche 
and Mchaourab 1999) and comparison 
of 2D hydrophobic clusters in sHsps 
(Mornon et al. 1998) indicated a similar 
fold, and the crystal structure of Triticum 
aestivum TaHsp16.9 (van Montfort et al. 
2001), a plant sHsps, also showed an 
immunoglobulin-like fold. It is now be-
lieved that the α-crystallin domains of 
all sHsps form such an immunoglobu-
lin-like fold.
The sHsps are not found as mono-
meric proteins but in oligomeric struc-
tures composed of 2 to more than 40 
subunits depending on the actual pro-
Figure 5. Stabilizing interactions present in the Methanococcus jannaschii Hsp16.5 24-mer. (A) Two 
MjHsp16.5 monomers, in black and white, form a dimer. The IgG-folds of both α-crystallin domains 
are shown as two β-sheet sandwiches (*). The dimeric building block is stabilized by incorporating the 
β6-strand of one monomer in one of the β-sheets of the IgG-fold of the opposing monomer. (B) Four 
MjHsp16.5 monomers are shown, stabilized by the interaction of the C-terminal extension of one mono-
mer with a groove in the α-crystallin domain of an adjacent monomer. The dimeric building blocks (not 
shown) are stabilized at the same time. The stucture was determined by Kim et al. (1998a).
tein. Moreover, for some sHsps the 
complex size is not well defined, hav-
ing polydisperse oligomeric structures. 
Much effort has been put into finding the 
regions and/or amino acids of the sHsps 
involved in oligomerisation. When com-
paring the spherically arranged 24 sub-
units of the MjHsp16.5 oligomer and the 
12-subunit stacked hexameric rings of 
the TaHsp16.9 oligomer, a number of 
interesting observations can be made. 
Although the oligomers differ consider-
ably in subunit arrangement and size, 
the primary building block appears to 
be a dimer (Figure 5A). These dimers 
are stabilised by the C-terminal exten-
sion binding to a groove in the α-crys-
tallin domain of an adjacent monomer 
(Figure 5B) and in MjHsp16.5 by in-
corporating a β-strand of the oppos-
ing monomer in one of the β-sheets of 
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the immunoglobulin-like fold (Kim et al. 
1998a; van Montfort et al. 2001) (Figure 
5A). Although it is tempting to assume 
that dimers are the building blocks of 
all sHsps oligomers, reports identifying 
monomers as the building blocks of hu-
man αB-crystallin (Aquilina et al. 2004) 
and trimers in Mycobacterium tuberculo-
sis Hsp16.3 (Abulimiti et al. 2003) show 
that this is apparently not the case.
Some sHsps are dependent on the 
α-crystallin domain for further oligo-
merisation into higher molecular weight 
complexes (Koteiche and Mchaourab 
2002). However, for Saccharomyces 
cerevisiae Hsp26 (Stromer et al. 2004) 
the N-terminal domain is required for 
oligomerisation beyond the dimer lev-
el, whereas in the archaeal Sulfolobus 
tokodaii Hsp14.0 the N-terminal do-
main can be deleted without disrupt-
ing the high molecular weight complex 
stoichiometry (Usui et al. 2004). Next to 
the N-terminal domain also the C-termi-
nal tail plays a role in the oligomerisa-
tion of a number of sHsps. For example, 
the deletion of more than ten C-termi-
nal residues of αA-crystallin significant-
ly reduced the complex size, making 
the arginine at position 11 from the C-
terminal end very important for the oli-
gomerisation (Thampi and Abraham 
2003). C-terminal truncation mutants of 
A. franciscana p26 (Crack et al. 2002) 
and αB-crystallin (Liao et al. 2002) also 
resulted in smaller complex sizes com-
pared to wild-type proteins.
Dynamics of sHsps complexes
The complexes formed by the sHsps 
are not static but exchange subunits 
(Bova et al. 1997; Bova et al. 2002; 
Sobott et al. 2002; Lentze et al. 2003) 
and the rate of exchange is influenced 
by a number of factors. For example, a 
decrease in temperature can completely 
prevent the exchange of subunits (van 
den Oetelaar et al. 1990; Bova et al. 
1997), whereas an increase in temper-
ature, for example during heat stress, 
increases the rate of subunit exchange 
(Sun et al. 1998; Fu and Chang 2004). 
Two other important factors influencing 
the exchange rate are the size and con-
centration of substrates which negative-
ly affect the exchange rate when they 
increase (Bova et al. 1997). 
A number of studies have shown 
that suboligomeric particles larger than 
monomers are being exchanged be-
tween complexes. In vitro, spontaneous 
formation of heteromeric complexes 
composed of Pisum sativum Hsp18.1 
and TaHsp16.9 monomers is achieved 
by dimer exchange (Sobott et al. 2002). 
Related to this exchange of suboligo-
meric particles is the equilibrium of oligo-
meric murine Hsp25 (Ehrnsperger et al. 
1999), human Hsp20 (van de Klundert 
et al. 1998), yeast Hsp26 (Haslbeck et 
al. 1999) and M. tuberculosis Hsp16.3 
(Gu et al. 2002) with smaller suboligo-
meric structures: dimers and tetramers 
for Hsp25, dimers for Hsp20 and trimers 
for Hsp16.3.
Depending on the actual sHsp, the 
dynamic nature of the complexes can 
result in conversion of homomeric com-
plexes into heteromeric complexes com-
posed of mixed sHsps. For example, 
αA- and αB-crystallin form heteromer-
ic α-crystallin complexes at high levels 
in lenticular tissue (Horwitz 2003), and 
HspB2 and HspB3 can be isolated as a 
heteromeric complex from muscle dur-
ing myogenic differentiation (Sugiyama 
et al. 2000). Furthermore, co-elution 
during anion exchange chromatography 
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and interactions in yeast two-hybrid as-
says indicate that αB-crystallin, Hsp27 
and Hsp20 can form heteromeric com-
plexes (Kato et al. 1994; Sugiyama et 
al. 2000). Heteromeric complexes of 
α-crystallin, which occurs abundant-
ly in lenticular tissue, can be obtained 
by mixing αA- and αB-crystallin homo-
meric complexes (van den Oetelaar et 
al. 1990). Since heteromeric complexes 
can be isolated from tissues express-
ing multiple sHsps, and these hetero-
meric complexes are easily formed in 
vitro, it is thought that sHsps may exert 
their functions in conjunction with other 
sHsps present in the same cell.
Since the expression of many sHsps 
is increased when cells are subjected 
to temperatures above physiological 
conditions, these sHsps are proposed 
to function at elevated temperatures. 
Studies of E. coli IbpB (Shearstone 
and Baneyx 1999), human αA-crystal-
lin (Reddy et al. 2000), M. tuberculosis 
Hsp16.3 (Yang et al. 1999) and M. 
jannaschii Hsp16.5 (Kim et al. 2003) 
have shown the increased exposure 
of hydrophobic sites at these elevated 
temperatures. It is assumed that these 
sites are the binding sites for unfolding 
proteins, which also expose hydropho-
bic regions.
The chaperone-like activity of sHsps
The increased subunit exchange 
and exposure of hydrophobic sites dur-
ing stress are two important features 
of many sHsps responsible for the ob-
served ability to prevent aggregation 
and precipitation of unfolding substrate 
proteins in vitro. This property of sHsps 
is called the chaperone-like activity 
and was described for the first time by 
Horwitz in 1992 for α-crystallin (Horwitz 
1992). There are some major differenc-
es between the chaperone-like activity 
of the sHsps and the chaperone activity 
of the Hsp70 and Hsp60 systems. First 
of all, no ATP hydrolysis is required for 
the binding of substrate proteins by the 
sHsps and once bound the substrate 
proteins cannot be refolded unless they 
are handed over to the ATP-depend-
ent Hsp70/DnaK system and chaperon-
ins  (Veinger et al. 1998; Haslbeck and 
Buchner 2002) (Figure 6).
The chaperone-like activity seen in 
vitro may be related to the in vivo obser-
vation that overexpression of sHsps pro-
tects cells during unfavorable situations 
like a heat shock. For example, trans-
fection of D. melanogaster Hsp22 and 
Hsp27 sHsps provides thermotolerance 
to chinese hamster O23 cells and to 
Drosophila motorneuron cells, respec-
tively (Rollet et al. 1992; Morrow et al. 
2004). p26 of A. franciscana is another 
example of a sHsp conferring thermotol-
erance when transfected into other or-
ganisms (MacRae 2003).
sHsps and cytoskeletal interactions
One of the first papers reporting 
interactions between a sHsp and cy-
toskeletal structures showed that turkey 
Hsp25, the ortholog of human Hsp27, 
associates with actin (Miron et al. 1991). 
Later, additional reports showed phos-
phorylation-dependant association 
of sHsps with actin. For example, the 
non-phosphorylated forms of Hsp27/
25 (Lavoie et al. 1993; Benndorf et al. 
1994), Hsp20 (Brophy et al. 1999b), αA- 
and αB-crystallin (Wang and Spector 
1996) stabilize filamentous actin where-
as the phosphorylated forms do not, 
promoting the depolymerisation of ac-
tin fibers. Some reports suggest that 
12
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Figure 6. The chaperone-like property of Hsp25, the murine Hsp27 ortholog. A heat shock results in the 
unfolding of native proteins and a prolonged heat shock can eventually lead to aggregation. However, 
Hsp25 can bind to non-native intermediates and keep them in a soluble, folding-competent state. 
Refolding of these intermediates involves the Hsp70 chaperone and ATP hydrolysis. Spontaneous re-
folding only takes place in very low amounts. The figure is adapted from Haslbeck and Buchner (2002).
also HspB2 (MKBP) associates with 
actin (Shama et al. 1999; Yoshida et al. 
1999b). 
Clues that next to actin sHsps also 
interact with intermediate filaments 
came from reports describing that de-
posits in diseased cells contain both 
intermediate filaments, αB-crystallin 
and Hsp27 (Lowe et al. 1992; Iwaki et 
al. 1993). The interaction between in-
termediate filaments and αB-crystallin 
was confirmed when a desmin-related 
myopathy was found that was caused 
by an R120G mutations in αB-crystal-
lin and showed similar pathologies as 
cardiomyopathies caused by mutation 
in desmin (Vicart et al. 1998).  The mu-
tation of the corresponding conserved 
arginine in αA-crystallin causes con-
genital cataract (Litt et al. 1998), possi-
bly also by interacting with intermediate 
filaments. Interaction between these two 
α-crystallins and intermediate filaments 
has also been observed in unstressed 
cells (Nicholl and Quinlan 1994; Perng 
et al. 1999).
Not much is known about interac-
tion between sHsps and microtubules, 
but studies have shown that αB-crys-
tallin indirectly associates with these 
structures by binding to microtubule-as-
sociated proteins and subsequently pre-
vents nocodazole- and calcium-induced 
disassembly (Fujita et al. 2004). p26 of 
A. franciscana binds tubulin, prevents 
its denaturation during heat stress and 
at the same time prevents polymerisa-
tion of tubulin into microtubules (Day et 
al. 2003). Indications that also Hsp27 
associates with tubulin/microtubules 
were found using immunoprecipitation 
and sucrose-cushion ultracentrifugation 
(Hino et al. 2000).
All these interactions between sHsps 
and cytoskeletal structures indicate an 
important role of sHsps in the regula-
14
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tion and dynamics of these structures. 
Especially during stressfull situations 
sHsps bind to the cytoskeleton, presum-
ably to prevent depolymerisation.
Other cellular processes involving 
sHsps
Next to the above mentioned in-
volvements of sHsps, they can also in-
fluence apoptosis of cells. αB-crystallin 
inhibits caspase-3-mediated apoptosis 
and consequently modulates the skel-
etal muscle differentiation (Fernando et 
al. 2002b). Like αB-crystallin, Hsp20 is 
also able to prevent caspase-3-medi-
ated apoptosis of cardiomyocytes (Fan 
et al. 2004). Apoptosis evoked by pro-
longed exposure to β-agonist can be 
prevented by Hsp20 in a phosphor-
ylation-dependent manner. Hsp27 is 
able to inhibit Daxx-mediated apopto-
sis by preventing Daxx to bind to Fas 
and Ask1 (Charette et al. 2000). During 
chemotherapy these abilities of sHsps 
are undesirable since increased ex-
pression of sHsps decreases the sus-
ceptibility of cells to chemoterapy by 
inhibiting apoptosis.
α-Crystallin and Synechocystis 
Hsp17 have been shown to be able to 
bind to membranes and regulate mem-
brane fluidity, presumably to preserve 
membrane integrity during thermal fluc-
tuations (Torok et al. 2001; Tsvetkova et 
al. 2002). An other report demonstrates 
the association of Oenococcus oeni 
Lo18, a bacterial sHsp, with membranes 
after heat shock and an increase in ex-
pression after addition of a membrane 
fluidiser, indicating a regulation of ex-
pression by membrane fluidity (Delmas 
et al. 2001).
Outline of this thesis
At the start of this PhD period in 1998 
more and more complete genomes of 
prokaryotes were published (Figure 7) 
and no research had been done on the 
Figure 7. Numbers of completely sequenced prokaryotic genomes per year since 1995 as listed in the 
Genome Online Database (GOLD; www.genomesonline.org).
14
Chapter 1. General Introduction
15
Chapter 1. General Introduction
evolutionary relationships between the 
prokaryotic sHsps. Chapter 2 describes 
the search for all sHsps genes in com-
pletely sequenced prokaryotic genomes 
and in the SwissProt database at that 
time. Together with selected eukaryot-
ic sHsps the phylogenetic relationships 
between these sHsps were assessed. 
In Chapters 3 and 4, exhaustive search-
es were performed on the human EST 
database and the completed human 
genome as determined by Celera and 
the publicly available human genome 
to identify novel members of the sHsp 
family. During the database searches 
the previously identified sHsps con-
taining two α-crystallin domains came 
under attention. Intrigued by the pres-
ence of two α-crystallin domains in one 
protein subunit, and the possible addi-
tional information this could give about 
the properties and functions of sHsps, 
Tsp36 of the tapeworm Taenia saginata 
was selected to be characterized in the 
context of sHsp properties and function, 
as described in Chapter 5. To gain more 
insight in the regions responsible for the 
complex formation and other properties 
of sHsps, chimeric proteins of αB-crys-
tallin and Hsp20 were studied. Chapter 
6 describes the behaviour of these chi-
meras compared to the wildtype sHsps. 
At the same time the concentration-de-
pendent behaviour of αB-crystallin and 
especially Hsp20 are described.
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Introduction
To understand the evolution-
ary mechanisms that led to the diver-
sification of the various types of heat 
shock proteins (Hsps) and their func-
tioning in multichaperone networks is 
a great challenge (Feder and Hofmann 
1999). Considerable information is al-
ready available on the evolution of the 
Hsp60 and Hsp70 families (e.g., Gupta 
1995; Budin and Philippe 1998; Karlin 
and Brocchieri 1998; Macario et al. 
1999; Archibald et al. 2000; Brocchieri 
and Karlin 2000). Relatively less is 
known about the early evolution of the 
small heat shock proteins (sHsps), 
which are considerably more diver-
gent in structure and function than the 
Hsp60s and Hsp70s.
The sHsps are found in bacteria, ar-
chaea and eukaryotes. They range in 
monomer size between 12 and 43 kDa, 
and are characterized by a conserved 
“α-crystallin” domain of about 80 resi-
dues (reviewed in Plesofsky-Vig et al. 
1992; Caspers et al. 1995; Waters and 
Vierling 1999). The N-terminal domains 
and C-terminal extensions, if present, 
are not conserved in sequence and 
length. The sHsps generally form high 
molecular weight complexes, between 
150 and 800 kDa in size, although 
some occur as dimers or tetramers. The 
only published crystal structure of any 
sHsp is as yet that of Methanococcus 
jannaschii Hsp16.5 (Kim et al. 1998a). 
This archaeal sHsp forms a hollow 
sphere, ~120 Å in outer diameter, and 
composed of 24 subunits with an Ig-like 
β-sandwich folding. The characteristic 
property of most sHsps is their ability 
to suppress the in vitro aggregation of 
denaturing proteins, while in vivo their 
expression protects cells during stress 
(Ehrnsperger et al. 1997b). For detailed 
information about the broad variety of 
stuctural and functional properties of 
the sHsps we refer to Arrigo A.P. and 
Müller W.E.G. (2002).
It is the purpose of this chapter 
to describe the evolutionary diversity 
of prokaryotic sHsps. In terms of se-
quence divergence, this diversity is 
broader than that amongst plant or 
animal sHsps (de Jong et al. 1998; 
Waters and Vierling 1999). In fact, both 
plant and animal sHsps are suggested 
to be monophyletic groupings, which 
may have originated separately from 
different ancestral prokaryotic sHsps. 
Knowing the evolutionary history of the 
prokaryotic sHsps, and comparing their 
properties, may also help to understand 
the structure-function relationships of 
eukaryotic sHsps. This will provide an 
insight in the pathways along which they 
diversified, and how they acquired their 
characteristic structural and functional 
properties.
sHsps in prokaryotes
Most prokaryotic sHsps function 
as chaperone-like proteins in the cyto-
plasm, but some have become structur-
al components of the spore coat, as for 
Bacillus subtilis COTM (Henriques et al. 
1997), while others associate with mem-
branes, like Mycobacterium tuberculosis 
Hsp16.3 (Cunningham and Spreadbury 
1998) and Oenococcus oenii Hsp 
2 Evolution and diversity of prokaryotic small heat shock pro-teins
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(Jobin et al. 1997). In addition to rigidi-
fying and stabilizing membranes un-
der heat stress, such associations may 
constitute a feedback mechanism for 
the regulation of heat shock genes, as 
has been proposed for Synechocystis 
sp. SP21 (Horváth et al. 1998). Like in 
eukaryotes, many prokaryotic sHsps 
are developmentally regulated and in-
ducible by heat and other stresses. 
Their expression can reach high lev-
els, e.g. up to 22% of total protein for 
Streptococcus thermophilus Hsp16.4 
(González-Márquez et al. 1997). This 
Hsp16.4 and other sHsps are plasmid-
encoded, which may help to achieve 
such high expression levels.  
There is good evidence that sHsps 
facilitate the refolding of denatured pro-
teins in conjunction with other chaper-
ones (Ehrnsperger et al. 1997b; Lee et 
al. 1997). Indeed, Escherichia coli IBPB 
interacts in a multichaperone network 
with Hsp60 and Hsp70 (Veinger et al. 
1998). Such a functional relation is also 
suggested by a heat shock cluster com-
prising genes for sHsps and GroES in 
Bradyrhizobium japonicum (Narberhaus 
et al. 1996), by an operon encoding an 
sHsp as well as a DnaK in Thermotoga 
maritima (Michelini and Flynn 1999), 
and by an operon encoding DnaK and 
two sHsps in Porphyromonas gingivalis 
(Yoshida et al. 1999a). If such mul-
tichaperone networks are a universal 
requirement for cellular functioning, one 
might expect to find the essential com-
ponents in all organisms. Yet, the gene 
for Hsp70 is lacking in several archaea 
(Macario et al. 1999). Although it is gen-
erally taken for granted that sHsps oc-
cur in all organisms, this remains to be 
established. The availability of a rapidly 
increasing number of complete prokary-
ote genome sequences now makes it 
possible to determine whether this is in-
deed the case. This also enables us to 
assess the number and variety of sHsp 
genes in different bacteria and archaea, 
as described in the following sections.
Are sHsps dispensable in some 
pathogenic bacteria?
We searched the completely known 
genomes of 15 bacteria and 4 ar-
chaea for sequences coding for sHsps. 
These genomes were selected to rep-
resent a broad variety of prokaryotic 
lineages. For comparison, we also in-
cluded the genome of the eukaryote 
Saccharomyces cerevisiae. To minimize 
the chance for overlooking sHsp-related 
sequences, five different search profiles 
were used, based on the α-crystallin 
domain of known sHsps. Four of these 
profiles were calculated from a previ-
ously published alignment of the α-crys-
tallin domains of a broad array of sHsps 
(de Jong et al. 1998). The alignment 
was divided into two subalignments, 
one comprising the animal sHsps and 
the other all remaining sHsps, because 
considerable differences were seen be-
tween these two groups of sequences. 
To calculate the profiles, two different 
programs were used on each suba-
lignment, ProfileMake v4.4 (Wisconsin 
Package Version 8.1) and ProfileWeight 
v2.1 (Thompson et al. 1994b). These 
profiles are available from the CMBI 
FTP server (ftp://ftp.cmbi.kun.nl/pub/
molbio/kappe/). The fifth profile was 
downloaded from the PROSITE data-
base (accession number PS01031). 
This profile has been calculated using 
140 sHsps from a wide range of organ-
isms, including animals, plants, fungi 
and prokaryotes.
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The completely sequenced ge-
nomes that were used in the search 
for sHsps are listed in bold in Table 1. 
All open reading frames (ORFs) that 
code for at least 50 amino acids were 
extracted from these genomes. These 
ORFs were taken as a database that 
was searched with the five sHsp profiles 
as a query, using Compugen’s imple-
mentation of the ProfileSearch program 
(GenCore users manual, Compugen). 
Only those ORFs with similarity over 
at least 60 positions, with fewer than 
11 gaps in the region of similarity, and 
with more than 25% identity to a pro-
file were considered as possible sHsps. 
These ORFs were compared with the 
SwissProt database, using Compugen’s 
implementation of the FastA program 
(GenCore users manual, Compugen), 
and were only considered as genuine 
sHsps when the best scoring proteins 
turned out to be known sHsps.
Interestingly, no sHsp-related se-
quences could be detected in eight of 
the bacterial genomes (indicated by n.d. 
in Table 1). In four bacterial genomes a 
single sHsp gene was found, E. coli and 
M. tuberculosis have two copies, and B. 
subtilis three. Three of the archaeal ge-
nomes had one sHsp gene, the fourth 
(Archaeoglobus fulgidus) had two cop-
ies. In yeast, as expected, only the 
genes for the known Hsp26 and Hsp42 
were found. All 16 detected prokaryot-
ic sHsp-related sequences are present 
in the protein databases, although 
Pyrococcus horikoshii 172aa had not 
been recognized as an sHsp; this dem-
onstrates the sensitivity of our search 
procedure.
Since sHsp genes have been report-
ed to also reside on bacterial plasmids 
(see Table 1), we similarly searched 
the plasmids of Borrelia burgdorferi, 
the extra-chromosomal element 1 of 
Aquifex aeolicus, and the small and 
large extrachromosomal elements of 
M. jannaschii, all species with com-
pletely known genomes. In addition, we 
screened the huge plasmid NGR234a 
(536 kb) of Rhizobium sp. (acces-
sion number AE000065 - AE000109). 
No sHsps were found in these extra-
chromosomal elements.
It thus appears that certain bacteria 
can do without sHsps, just as some ar-
chaea can do without Hsp70 (Macario 
et al. 1999). We obviously can not ex-
clude that some very deviating sHsp-
related genes have been missed in the 
eight species without detectable sHsp 
genes in their chromosome; however, in 
that case the encoded proteins, not hav-
ing the characteristic sHsp sequence 
features, can hardly be considered as 
authentic sHsps. We can neither ex-
clude that sHsp genes are present on 
plasmids in some of these species. 
Since sHsps are represented in all king-
doms, their apparent absence in some 
bacteria must reflect loss of the cor-
responding genes, rather than the an-
cestral state. Bacteria without genomic 
sHsps are found in different clades (e.g. 
Mycoplasma in the Bacillus/Clostridium 
group, and Haemophilus influenzae in 
the γ-Proteobacteria) which also include 
species that possess sHsps (see below, 
Figure 2). Loss of sHsps must thus have 
occurred repeatedly.
The absence of sHsp genes is not 
simply correlated with reduction in ge-
nome size, although sHsps are lack-
ing in all but one of the seven genomes 
that are smaller than 1.3 Mb (Table 1). 
Bacteria without genomic sHsps are all 
highly host-adapted and often intracellu-
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a) In bold: species with completely sequenced genomes (genome size in brackets; Mb). These genom-
es were downloaded from the NCBI (ftp://ftp.ncbi.nlm.nih.gov/genbank/genomes/bacteria/). For three 
of these species also extrachromosomal elements (A. aeolicus, AE000667; B. burgdorferi, accession 
number AE000784 - AE000794 and AE001575 - AE001584; M. jannaschii, L77118 and L77119) were 
also searched.
b) sHsps are designated as indicated in the databases; n.d., no detectable sHsps in genome; *, sHsp en-
coded on plasmid.
c) Number of residues / subunit mass (kDa).
d) Complex size (kDa) and number of subunits (in brackets); *, obtained from recombinant proteins. 
e) Presence (+) or absence (-) of in vitro chaperone-like activity (ch), cellular thermoprotection (th), and 
stress inducibility (ind).
f) The complete genomes of two H. pylori strains are known and both lack sHsps.
g) Not included in the phylogenetic analyses; M. leprae 18kDa and S. thermophilus SEChsp because 
they are almost identical to - and likely to be the same genes as - M. leprae Hsp167 and S. thermophilus 
ASP, respectively, and S. cerevisiae Hsp42 because S. cerevisiae Hsp26 and N. crassa Hsp30 were in-
cluded as most divergent fungal representatives.
h) The sHsp obtained from the complete genome of T. maritima as used in this study (accession number 
Q9WYK7) has an insertion of 5 residues and two amino acid replacements as compared with a previ-
ously submitted sequence (accession number Q9ZFD1).
lar pathogens in vertebrates. This would 
suggest that only under those condi-
tions sHsps may become dispensible; 
it even may be advantageous to get rid 
of sHsps as major surface antigens. On 
the other hand, various pathogenic bac-
teria do have sHsps, often even in mul-
tiple copies, as in Mycobacterium avium 
and Mycobacterium intracellulare.
Phylogenetic analysis of prokaryotic 
sHsps
To have a broad representation 
of prokaryotic sHsps for phylogenetic 
analyses, also the Swiss-Prot, TrEMBL 
and PIR databases where searched 
for additional prokaryotic sHsps, us-
ing the ProfileSearch program and the 
same five sHsp profiles. We selected 
a further 26 prokaryotic sHsps, as list-
ed in Table 1. Striking are the seven 
sHsps in B. japonicum, with at least five 
more to be characterized (Münchbach 
et al. 1999). An initial alignment of the 
retrieved prokaryotic sHsps, comple-
mented with eight eukaryotic sHsps 
to represent the animal, plant, fungal 
and protist Kingdoms (Table 1), was 
made using the ClustalW v1.5 program 
(Thompson et al. 1994a). After manual 
editing, we divided the alignment into 
two parts, representing the variable N-
terminal and the more conserved α-
crystallin domains. In the α-crystallin 
domains (Figure 1), the two regions with 
the highest homology (positions 27-61 
and 94-127) and the typical IxI motif at 
positions 141-143 contain the charac-
teristically conserved sequences as re-
ported earlier for various sets of mostly 
eukaryotic sHsps (Plesofsky-Vig et al. 
1992; de Jong et al. 1998; Waters and 
Vierling 1999).
Optimal alignment is essential for 
reliable phylogeny reconstruction. To 
reduce the effects of the inherent sub-
jectivity of manual editing, the alignment 
as shown in Figure 1 was realigned by 
ClustalW v1.7 after removing all gaps. 
The most conspicuous changes af-
ter the realignment concerned the al-
tered positioning of gaps, indicating that 
aligning is ambiguous in those regions. 
Phylogenetic analyses were performed 
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Figure 2. Phylogenetic tree of prokaryotic and representative eukaryotic sHsps. The tree is a strict con-
sensus of the NJ, MP and QP trees constructed from the alignment of α-crystallin domains as shown 
in Figure 1, and from a realignment of these domains. Both alignments are available at the CMBI FTP 
server, ftp://ftp.cmbi.kun.nl/pub/molbio/kappe/. Nodes supported in fewer than three of the six trees are 
collapsed; the averaged support values of the branches are boxed. A table with the six support values 
for each of the branches 1-25 is given at the CMBI FTP server. When better than 50% supported, the 
branches are in bold. *, sHsps from completely sequenced genomes; #, plasmid-located sHsps. The NJ 
and MP analyses were carried out using the PHYLIP package v3.752c with 500 data sets (calculated by 
SEQBOOT) and the PAM250 matrix as the model of substitution. When using PROTPARS the jumble 
option was set to 4. The QP analyses were carried out using the program PUZZLE v4.0.2. The number 
of puzzling steps was set to 1000, the PAM250 matrix was used as the model of substitution, and the 
approximate maximum likelihood function was used to calculate parameters of the models of sequence 
evolution. The strict consensus tree was derived from the NJ, MP and QP trees using the CONSENSE 
program of the PHYLIP package.
on both alignments with three meth-
ods: Neighbor Joining (NJ, Saitou and 
Nei 1987), Maximum Parsimony (MP, 
Felsenstein 1993) and Quartet Puzzling 
(QP, Strimmer and von Haeseler 1996). 
The six resulting phylogenetic trees 
were combined in a consensus topol-
ogy (Figure 2).
The better supported clades in 
the sHsp consensus tree are large-
ly compatible with the standard ref-
erence for prokaryote phylogeny as 
based on 16S rRNA sequences (see 
the ribosomal database project II, http:
//www.cme.msu.edu/). The most nota-
ble exception is the separation of the 
M. tuberculosis sHsps (branch 14) from 
the other actinobacteria (branch 9). 
The nesting of the bacterial A. aeolicus 
HspcI within the archaeal sHsp clade 
(branch 20) seems remarkable, but is 
also supported in the 16S rRNA tree, 
and in another recent sHsp tree (Waters 
and Vierling 1999). The α-proteobacte-
rial Rickettsia prowazekii Hsp22 tends 
to group with the two animal sHsps 
(branch 24 in Figure 2), but this is only 
weakly supported.
The tree suggests a complex his-
tory of sHsp gene duplications during 
prokaryote evolution (but see the com-
plicating effects of lateral gene transfer 
below in next section). The two E. coli 
sHsps (IBPA and IBPB) diverged early 
in γ-proteobacterial radiation, but after 
the separation of α-, γ- and δ-proteo-
bacteria. Five of the B. japonicum sHsps 
are closely related (branch 4), whereas 
the ancestor of the two others (branch 
8) apparently diverged already before 
the α- and γ-proteobacterial separa-
tion. These two clades correspond with 
the class A and class B sHsps as dis-
tinguished by Münchbach et al. (1999). 
The duplications leading to the two sHsp 
genes in M. avium and M. intracellulare 
occurred before these species diverged 
(branches 10-13). The absence of clus-
tering of the three B. subtilis sHsps is of 
interest, although traces of shared resi-
dues can be detected in the alignments 
of YDFT and YOCM in Figures 1 and 3. 
This diversity of sHsps in B. subtilis be-
comes even more intriguing by the re-
cent finding of a plasmid-borne sHsp in 
B. subtilis (accession number Q9X3Z5), 
which does not cluster with any of the 
three highly divergent genomic sHsps 
in this bacterium, nor with any oth-
er sHsp in Figure 2 (data not shown). 
The three S. thermophilus sHsps are 
very similar (branch 17). Four new S. 
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Figure 3. Alignment and secondary structure predictions of the N-terminal sequences of prokaryotic 
and representative eukaryotic sHsps. This alignment is made using ClustalW and manually compressed 
since there is no overall sequence similarity. The first 30 residues of the Toxoplasma gondii Hsp30 se-
quence and 34 residues from the A. fulgidus Hsp201 sequence (located between the presented N-ter-
minal and α-crystallin domains) were omitted to avoid undue lengthening of the alignment. Within the 
four clades 1, 9, 15 and 20, positions with over 65% identical residues are shaded in gray. In black are 
residues corresponding with or reminiscent of (parts of) the F/WDPF motif as proposed by Ehrnsperger 
et al. (1997a, p. 538). Secondary structures predicted for the sequences in the four clades are represent-
ed by cylinders (α-helices) and arrows (β-strands).
thermophilus sHsps, all located on plas-
mids have recently appeared in the da-
tabase (Q9X9N3, Q9X9C3, AAF04359, 
AAF04361), and are again very simi-
lar to the three sHsps of this species in 
Figure 2 (data not shown). It is remarka-
ble that at least six of the sHsps found in 
S. thermophilus are plasmid-borne.
Also the two cyanobacterial sHsps 
in Figure 2 are much alike (branch 19). 
Within archaea, an early duplication 
has given rise to the two sHsps in A. 
fulgidus.  Finally, it would appear that 
the duplication leading to the two includ-
ed Pisum sativum sHsps may have pre-
ceeded the origin of the plant lineage, 
and that the two fungal sHsps display 
no special relationship.
Lateral transfer or convergent evolu-
tion of prokaryotic sHsp genes?
When highly divergent sHsps occur 
in the same or closely related species, 
it can not readily be decided whether 
gene duplication or lateral transfer is in-
volved, the latter being a common fea-
ture in prokaryotes (Lawrence 1999). 
Three of the groupings as depicted in 
Figure 2 deviate from prevalent opin-
ions about prokaryote relationships. 
The fact that the two M. tuberculosis 
sHsps have no detectable tendency to 
group with the sHsps of the other ac-
tinobacteria probably means that the 
M. tuberculosis sHsps are paralogs of 
the other actinobacterial sHsps. There 
are no compelling reasons to invoke lat-
eral transfer in this case, since the M. 
tuberculosis sHsps do not resemble any 
other prokaryote sHsp. Similarly, the 
tendency of A. aeolicus HspcI to clus-
ter with archaea might suggest lateral 
gene transfer, but could also reflect the 
common adaptation to extreme environ-
mental conditions or even genuine re-
lationship. Finally, the clustering of the 
typhus bacterium R. prowazekii Hsp22 
with human AACr and Caenorhabditis 
elegans Hsp16 (branch 26) is only mar-
ginally supported. Rather then assum-
ing lateral transfer from its human host, 
a few scattered shared replacements 
may cause this clustering, possibly 
reflecting some parallel changes in R. 
prowazekii Hsp22 to elude the human 
immune system. However, just as for 
the archaeal Hsp60 and Hsp70 systems 
(Macario et al. 1999), lateral transfer re-
mains a potential source of innovations 
for the prokaryote sHsps.
Secondary structure prediction of 
the α-crystallin domain
To estimate to what extent the 
secondary structure as observed in 
the crystal structure of M. jannaschii 
Hsp16.5 is conserved in other prokary-
otic sHsps, we performed predictive 
studies with the PHD program (Rost 
and Sander 1994). The results are in-
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corporated in Figure 1. Because the 
outcome of PHD is much more accurate 
when using multiple alignments rather 
than single sequences, we performed 
the prediction only for the larger clades 
in Figure 2 (branches 1, 9, 15 and 20). 
When we compare these predicted sec-
ondary structures with the published 
structure of M. jannaschii Hsp16.5 (bot-
tom line), it appears that strands β3, 
β5, β9 and β10 are highly conserved, 
and strands β4 and β7 somewhat less 
so. The other β-strands and the short 
α-helices of M. jannaschii Hsp16.5 are 
likely to be poorly conserved in the oth-
er prokaryotic sHsps. It is noteworthy, 
though, that a tendency for α-helicity is 
observed in particular regions (positions 
68-89, 108-116 and 151-163).
Our earlier secondary structure pre-
diction of sHsp α-crystallin domains 
(Caspers et al. 1995) turned out to be 
surprisingly correct when the experi-
mentally determined structure of M. 
jannaschii Hsp16.5 became available 
(Kim et al. 1998a). This may give con-
fidence to the present predictions. Of 
interest is the finding that the regions 
comprising strands β2 and β6 are hard-
ly conserved. The backbone atoms of 
these two strands are responsible for 
the primary monomer-monomer interac-
tion in M. jannaschii Hsp16.5. This sug-
gests that dimer formation in most other 
sHsps may be quite different, in accord-
ance with the variety of sHsp quater-
nary structures.
Alignment and secondary structure 
prediction of the N-terminal domain
As appears from the “alignment” of 
the N-terminal domains of the studied 
sHsps, no overall sequence similarities 
can be detected in this region (Figure 
3). Varying degrees of conservation 
can only be observed amongst the N-
terminal domains of sequences found 
to be closely related in Figure 2. It has 
been proposed that the N-terminal do-
mains of sHsps are characterized by the 
presence of a conserved F/WDPF mo-
tif (Ehrnsperger et al. 1997a, p. 538). In 
the present data set such a motif is only 
found in Stigmatella aurantiaca SP21 
and in P. horikoshii 172aa. It is remark-
able, however, that almost all other N-
terminal domains do contain parts of 
this motif (DPF, PF, FD, WD) or variants 
thereof (PWF, FP, YD, PW, DF, etc.) (in 
black in Figure 3). This suggests that 
the presence of such short motifs may 
somehow be of functional importance.
Also the N-terminal sequences of 
the clades 1, 9, 15 and 20 were subject-
ed to secondary structure predictions 
by PHD. There appears to be a pro-
nounced preference for α-helical struc-
ture in the N-terminal domains (Figure 
3), in sharp contrast to the predominant-
ly β-sheet structure in the α-crystallin 
domain (Figure 1). This tendency for α-
helicity in the N-terminal domains sug-
gests considerable structural flexibility, 
in contrast to the more rigid β-sheet 
structure of the α-crystallin domain. This 
observation supports the assumption 
that the core functions of the sHsps are 
dependent on the conserved α-crystal-
lin domain, while the variable N-termi-
nal domains predominantly allow for the 
wide variation in structural and function-
al properties of the sHsps.
Summary and concluding remarks
To gain insight in their early evo-
lution of sHsps, we searched for their 
presence in 19 completely sequenced 
genomes (15 bacteria and 4 archaea), 
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and additionally in the protein databas-
es. Surprisingly, no sHsp-like sequenc-
es could be recognized in the genomes 
of eight bacteria, all being pathogens. 
Other prokaryotes contain up to 12 of-
ten very divergent and sometimes plas-
mid-borne sHsp genes. Alignment of 40 
diverse prokaryotic and 8 representa-
tive eukaryotic sHsps confirms that 
strictly conserved sequences are only 
present in the C-terminal “α-crystal-
lin” domain. Phylogenetic analyses re-
veal that the better supported clades of 
sHsps mostly correspond with generally 
accepted relationships of prokaryotes. 
The prokaryote sHsps have a complex 
history of gene duplications and possi-
bly lateral transfer as well. 
Secondary structures were pre-
dicted for the major clades of prokary-
otic sHsps, and compared with the 
known crystal structure of M. jannaschii 
Hsp16.5 (Kim et al. 1998a). Five of the 
ten β-strands present in the C-termi-
nal domain of this Hsp16.5 are consist-
ently predicted in all prokaryote sHsps; 
the other secondary structure elements 
may be less conserved. Secondary 
structure predictions of the variable N-
terminal domains indicate in all instanc-
es a predominantly α-helical character. 
The structural variety of prokaryotic 
sHsps may relate to their considerable 
functional diversity, ranging from chap-
erones to spore coat components. This 
diversity of features like complex size, 
surface location, developmental regu-
lation and induction (cf. Table 1) appar-
ently varies independently in different 
prokaryote lineages (cf. Figure 2).
Analyses of the rapidly increasing 
number of known prokaryotic genomes 
will further extend the presented obser-
vations. A deeper understanding of the 
enormous diversity in sequence and oc-
currence of the prokaryotic sHsps, as 
components of the various multichap-
erone networks in the cell, promises to 
contribute to our insight in the complex-
ity of protein evolution in general.
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Introduction
The family of small heat shock pro-
teins (sHsps) has multiple represen-
tatives in most organisms (de Jong et 
al. 1998; MacRae 2000). They range 
in monomeric size from 12 to 42 kDa, 
and are characterized by a conserved 
C-terminal “α-crystallin domain” of 80-
100 residues. This domain has an IgG-
like fold (Kim et al. 1998a; Koteiche and 
Mchaourab 1999), and is preceded by 
an N-terminal domain which is more 
variable in length and sequence. There 
often is a short and freely flexing C-ter-
minal extension (Carver 1999). sHsps 
generally form large and dynamic 
homo- or heteromeric complexes of up 
to 700 kDa in certain cases, which may 
readily dissociate and exchange subu-
nits (Sun and Liang 1998; Bova et al. 
2000). Dimeric building blocks of sub-
units are arranged in a globular struc-
ture around a central region of lower 
density (Kim et al. 1998a; Haley et al. 
Using search profiles based on the conserved α-crystallin domain that 
is characteristic for small heat shock proteins (sHsps), we traced two 
new human sHsps. One of these, being the eighth known human sHsp 
and thus named HspB8, was recently described as a serine-threonine 
protein kinase (H11), but not identified as an sHsp (C.C. Smith, Y.X. Yu, 
M. Kulka and L. Aurelian, J Biol Chem 275 (2000) 25690-25699). Northern 
blotting showed that HspB8/H11 is predominantly transcribed in skele-
tal muscle and heart, like most other sHsps. The other, named HspB9, is 
specifically expressed in testis, notably in the spermatogenic cells from 
late pachytene spermotocyte stage till elongate spermatid stage. While 
mammalian sHsps are generally highly conserved, mouse HspB9 shows 
38% sequence difference with human HspB9, which may confirm its sex-
related role.
2000). The dynamic and open structure 
of sHsps, combined with the presence 
of accessible hydrophobic surfaces 
and polar C-terminal extensions, is es-
sential for their chaperone-like proper-
ties (Horwitz 1992). This is the in vitro 
ability to bind unfolding proteins and 
keep them in solution. Bound proteins 
are kept in a folding-competent state 
and may be refolded in conjunction 
with Hsp70 (Ehrnsperger et al. 1997b; 
Veinger et al. 1998; Lee and Vierling 
2000). Most sHsps are constitutively 
expressed at considerable levels, and 
many can be upregulated upon heat 
and other forms of stress, thereby en-
hancing cellular survival.
In human and other mammals, sev-
en different sHsps have been described 
until now. The long known αA- and αB-
crystallins are both abundant proteins 
in the eye lens, while αB-crystallin ad-
ditionally occurs at considerable lev-
els in heart, striated muscle and kidney 
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(Inaguma et al. 1995). Also the five oth-
er sHsps (Hsp27 (Hickey et al. 1986), 
Hsp20 (Kato et al. 1994), HspB2 (Iwaki 
et al. 1997), HspB3 (Boelens et al. 
1998) and cvHsp (Krief et al. 1999)) 
are all expressed to different extents 
in heart and striated muscle, and most 
of them at lower levels in various other 
tissues (Sugiyama et al. 2000). Hsp27 
and αB-crystallin are expressed at in-
creased levels in various tumors and 
neurodegenerative diseases (Clark and 
Muchowski 2000), and are among oth-
ers implicated in regulating apoptosis 
(Mehlen et al. 1996) and maintaining 
cytoskeletal integrity (van den IJssel et 
al. 1999).
The various sHsps in an organism 
are likely to have related and comple-
mentary functions. To better understand 
the width of functioning of the human 
sHsp family, it is important to know the 
actual number and properties of the 
gene products belonging to this fam-
ily. Such a goal comes within reach, 
assuming that virtually all human gene 
transcripts will be represented in the 
EST databases by now. We here report 
the tracing of two new human sHsps 
from these databases, their expres-
sion pattern in different tissues, and a 
brief comparison with the other human 
sHsps.
Materials and methods
sHsp search in EST databases
A PILEUP alignment of the con-
served α-crystallin domains of the sev-
en known human sHsps (corresponding 
with positions 95 - 188 in Figure 1, see 
also EMBL Nucletide sequence data-
base - http://www.ebi.ac.uk - alignment 
ALIGN_000032) was used to make a 
search profile with ProfileMake v4.50. 
To have a broader search potential, an-
other profile was obtained from an align-
ment of the α-crystallin domains of 40 
very diverse prokaryotic and eukaryotic 
sHsps (de Jong et al. 1998), which gave 
a similar result as the human α-crys-
tallin profile. The profiles were used as 
queries to search for ESTs of unknown 
human sHsps in the complete public 
EST database, using Compugen’s im-
plementation of the ProfileSearch algo-
rithm. The annotations of all hits were 
screened for keywords like “crystallin”, 
“HspB2”, “MKBP”, “HspB3”, “protein 
27”, “shock 27”, and “p20” that would 
identify the EST as a known sHsp. 
Human ESTs that were not identified 
as sHsps in this way were checked 
for homology to known sHsps using 
Compugen’s implementation of a trans-
lated Smith and Waterman search on 
the SwissProt database. Only those 
ESTs that showed homology to known 
sHsps were checked to assess whether 
they represented a known or unknown 
sHsp, using a BLAST search on the 
EMBL database.
Northern blot analyses
The tissue distribution of HspB8, 
HspB9 and Hsp27 mRNAs were an-
alyzed using Human Multiple-tissue 
Northern blots (CLONTECH). cDNA 
fragments corresponding to the complete 
open reading frame of each sHsp were 
radiolabeled using the Random Primers 
DNA Labeling System (GibcoBRL) and 
used as probes. The blots were first 
probed with HspB9 cDNA and subse-
quently with HspB8 cDNA. Thereafter 
the blots were stripped and reprobed 
with Hsp27 cDNA. HspB8 and HspB9 
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cDNAs were amplified by PCR from a 
human placental cDNA library and from 
human genomic DNA, respectively.
In situ hybridization
Mouse testis tissue was fixed in 4% 
buffered formalin for 24h at room tem-
perature. Paraffin sections (5 μm) were 
dewaxed, rehydrated, treated with pro-
teinase K (1 μg/ml) and acetylated for 
5 minutes with 0.25% acetic anhydride 
in 0.1 M triethanolamine buffer. Sections 
were treated for 2h at hybridization tem-
perature with prehybridization mix, con-
taining 52% formamide, 21 mM Tris, 
1 mM EDTA, 0.33 M NaCl, 10% dex-
tran sulphate, 1x Denhardt’s solution, 
100 μg/ml salmon sperm DNA, 100 
μg/ml tRNA and 250 μg/ml yeast to-
tal RNA, and subsequently incubated 
overnight (16 h) at 42°C or 50°C with 
hybridization mix, consisting of prehy-
bridization mix with the following ad-
ditions: 0.1 mM DTT, 0.1% sodium 
thiosulphate, 0.1% SDS and 200 ng/ml 
digoxigenin-labeled probe. Slides were 
then washed in 2x SSC (300 mM NaCl, 
30 mM sodium citrate pH 7.0),  followed 
by washes in 1x SSC and 0.1x SSC at 
hybridization temperature. Sections 
were digested with 20 µg/ml ribonu-
clease A in 0.6 M NaCl, 20 mM Tris, 10 
mM EDTA for 1h at 37°C, washed with 
PBS and buffer 1 (100 mM maleic acid, 
150 mM NaCl), and incubated for 30 
minutes with blocking solution (1 g/ml 
BSA (Sigma) in buffer 1) and for 1h at 
room temperature with anti-digoxigen-
in conjugated to alkaline phosphatase 
(Roche), diluted 1:500 in blocking so-
lution. After two washes in buffer 1, 
the slides were stained with Nitro blue 
tetrazolium/5-bromo-4-chloro-3-indolyl 
phosphate (Sigma) and counterstained 
with Mayer’s hematoxylin (Sigma) 1:
5 for 3 sec. Slides were mounted in 
Kaiser’s glycerol gelatin. Videoprints 
were made (VY-170, Hitachi) using a 3-
CCD camera (HV-C10A, Hitachi) on a 
Nikon Optiphot microscope.
Results and discussion
Database search
Searching the translated EST data-
base with two sHsps profiles yielded 90 
human ESTs that matched the search 
profiles (E value below 1), but were 
not annotated as being known human 
sHsps. Using these 90 ESTs for homol-
ogy searches in the SwissProt database 
showed 37 of them to have obvious ho-
mology with known sHsps. A BLAST 
search on the EMBL database identified 
33 of these as known human sHsps, 
leaving two unknown proteins, repre-
sented by two ESTs each. These were 
considered as novel sHsps because 
of their convincing sequence similarity 
with known sHsps (see below).
Protein kinase-related HspB8
For one of the retrieved new sHsps, 
the mRNA sequence turned out to be 
present in the database (accession 
number AF133207). It was recently re-
ported as coding for a protein, desig-
nated as H11, which is similar to the 
protein kinase (PK) domain of the mul-
tifunctional herpes simplex virus type 
2 ribonucleotide reductase, and has 
Ser-Thr-specific PK activity (Smith et 
al. 2000). H11 expression appears to 
be required for the growth of human 
melanoma cells. Remarkably, the con-
spicuous sequence relationship with the 
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Figure 1. Alignment of the novel human HspB8 and HspB9 with the other seven known human sHsps 
and Methanococcus jannaschii Hsp16.5. The alignment was obtained using PILEUP, and improved by 
manual editing. Identical or highly conserved residues in at least 8 of the 10 sequences are in black; in 
5-7 of the sequences in gray. Below the human sHsps is the predicted secondary structure as obtained 
from their multiple alignment, using the PHD program (Rost and Sander 1994) at the PredictProtein 
server of the University of Columbia (http://maple.bioc.columbia.edu/pp/). The bottom line presents 
the actual secondary structure of MjHsp16.5 as assigned from the crystal structure (Kim et al. 1998a). 
Arrows and cylinders represent β-strands and α-helices, respectively, of which the gray arrow indi-
cates a weakly predicted β-strand. Accession numbers are: AJ302068 (HspB9), Q9UKS3 (HspB8/H11), 
Q9UBY9 (HspB7/cvHsp), O14558 (HspB6/Hsp20), P02511 (HspB5/αB), P02489 (HspB4/αA), Q12988 
(HspB3), Q16082 (HspB2/MKBP), S39199 (HspB1/Hsp27). The presented HspB8 sequence has 53W, 
as in various ESTs, rather than 53C as documented for H11 (Smith et al. 2000). The human sHsps are 
here indicated as “HspB” in accordance with the rules of the Human Gene Nomenclature Committee 
(http://www.gene.ucl.ac.uk/nomenclature/). Because the new sHsps are the eighth and ninth mem-
bers of this family found in man, we name them HspB8 and HspB9. Considering Hsp27 as HspB1, and 
HspB2 (Iwaki et al. 1997), HspB3 (Boelens et al. 1998) and HspB7 (accession number: NM_014424) al-
ready being in use, this would leave HspB4 through HspB6 for αA-crystallin, αB-crystallin and Hsp20, 
respectively. The indications HspB4 and HspB5 for αA- and αB-crystallin would avoid any confusion 
about their being genuine sHsps. However, considering the priority of the name α-crystallin, given in 
1894, and its established usage, it seems undesirable to actually replace their names, leaving HspB4 
and HspB5 as possible formal indications. In the case of human Hsp27 (also named Hsp28) and rodent 
Hsp25, the use of HspB1 would make it immediately clear that we are dealing with the corresponding, 
orthologous protein in different species.
Considering that this protein H11 clearly 
is an sHsp, we propose to use the for-
mal name HspB8 for it (see legends 
of Figure 1). A draft sequence of a ge-
sHsp family was not mentioned (Smith 
et al. 2000), although more recent an-
notations do recognize the homolo-
gy with sHsps (AF191017, AF250138). 
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nomic fragment (AC009819) located 
on chromosome 11 contains the gene 
for HspB8. Aligning the mRNA with its 
gene reveals the presence of at least 
two introns (see Table 1).
The cDNA for HspB8 was amplified 
from a cDNA library of human placenta. 
Its sequence was determined and dif-
fered at a single position from the pub-
lished H11 mRNA sequence ((Smith 
et al. 2000); see legends of Figure 1). 
The deduced amino acid sequence is 
aligned with the other human sHsps in 
Figure 1. This 196-residue HspB8 has 
a remarkably low pI, 4.7. The cDNA was 
used as a probe for northern blotting 
on mRNA from various human tissues 
(Figure 2A, upper panel). The transcript 
is  approximately 2.2 kb in length. The 
HspB8 gene is most abundantly tran-
scribed in skeletal muscle, heart and 
placenta, and to lesser extent in many 
other organs. No expression was found 
in blood. As compared with the expres-
sion patterns of αB-crystallin, Hsp20, 
Hsp27, HspB2 and HspB3, as published 
by Sugiyama et al. 2000, who used cor-
responding CLONTECH blots, the ex-
pression pattern for HspB8 is most 
similar to that of Hsp27 (Figure 2A, low-
er panel).
Testis-specific HspB9
The second unknown human sHsp, 
which we propose to name HspB9, 
was also found as part of a genomic 
DNA fragment (AC003104) originating 
from chromosome 17. An alignment of 
Table 1. Characteristics of the human sHsps
Protein name pIa)
Mass 
(kDa)a)
Length 
(aa)a)
% Identity of 
orthologuesb)
% Sequence 
identity withc)
Intron positions 
and phasesd)
Chromosomal 
locatione)
HspB8 HspB9
HspB9 9 17.5 159 62.2 23.2 100 intronless 17q21
HspB8 / H11 4.7 21.5 196 94.4 100 23.2 133 (1), 162 (2) 12
HspB7 / CvHsp 6.5 18.6 170 94.7 23.6 25.2 87 (1) 1p36.23-p34.3 
HspB6 / Hsp20 6.4 16.8 157 91.1 37.9 32.3 98/99, 146/147 19q13.1
HspB5 / AlphaB 7.4 20.2 175 97.7 35.5 26.8 98/99, 146/147 11q22.3-q23.1
HspB4 / AlphaA 6.2 19.9 173 94.8 31.5 28.7 98/99, 146/147 21q22.3
HspB3 5.9 17 150 88 29.9 20.9 intronless 5q11.2
HspB2 / MKBP 4.8 20.2 182 97.3 39.4 20.9 40 (1) 11q22-q23
HspB1 / Hsp27 6.4 22.8 205 84.9 29.9 28.1 133 (1), 162 (2) 7q11.2
a) Calculated with PEPTIDESORT of the GCG PACKAGE.
b) Amino acid sequence identity as determined between human and mouse (or rat in case of HspB2 and 
HspB6) orthologous sHsps.
c) Amino acid sequence identities as determined by pairwise comparisons of HspB8 and HspB9 with the 
other human sHsps.
d) Intron positions refer to the position numbers in Figure 1. Positions separated by a slash indicate 
phase 0 introns (between codons); phase 1 and 2 introns interrupt codons after the first and second co-
don position, indicated as (1) and (2), respectively. Note that the HspB8 gene might contain more than 
two introns.
e) Chromosomal localizations obtained from the OMIM Database (HspB1 – HspB5), AC002398 (HspB6), 
AF155908 (HspB7), NM-014365 (HspB8) and AC003104 (HspB9).
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this genomic fragment with the ESTs 
for HspB9 revealed a continuous open 
reading frame, encoding a protein of 159 
residues. Since the gene is intronless, 
we could amplify the cDNA for HspB9 
directly from human genomic DNA. The 
sequence was determined, and the de-
duced amino acid sequence aligned in 
Figure 1. In contrast to HspB8, this pro-
tein is unusually basic, with a pI of 9.0.
Northern blotting showed that among 
the represented human tissues, HspB9 
was exclusively transcribed in testis 
(Figure 2B). This is in agreement with 
the EST database results, which addi-
tionally indicate its occurrence in lung 
and germ cell tumors. The transcript is 
exceptionally small, just  approximately 
0.8 kb, leaving only approximately 300 
nucleotides for the polyA tail and the 5’ 
and 3’ UTRs.
Mouse being a more convenient 
experimental model than human, we 
also determined the sequence of the 
mouse gene for HspB9 (accession 
number AJ302069). The deduced ami-
no acid sequence turned out to be re-
markably different from the human 
HspB9 (Table 1). The possibility that 
the mouse gene is not the orthologue of 
human HspB9 can be dismissed, con-
sidering the shared presence of unique 
sequence characteristics, not found 
in other sHsps (e.g., the sequence 
ASRCPSVxLAERNxVATMPVRL at posi-
tions 33-65 in Figure 1).
In situ hybridization was performed 
on testis sections of adult and immature 
mice. In all the seminiferous tubules of 
adult mice the HspB9 probe hybridized 
to specific stages of germ cells (Figure 
3, panel A and C). Spermatogenesis in 
the seminiferous tubules  can be subdi-
vided in three different phases: the pro-
liferative phase in which spermatogonia 
divide, the meiotic phase in which ge-
netic material in spermatocytes is re-
combined and segregated, and the 
spermiogenic phase in which round 
spermatids transform through elongate 
spermatids into spermatozoa. On the 
basis of the staging of spermatogenesis 
described by Russell et al. (1990) the 
HspB9 positive germ cells were identi-
fied. A high expression of HspB9 was 
found in diplotene and stage XII (meiosis 
Figure 2. Northern blot analysis of HspB8, 
HspB9 and Hsp27 expression. Human multi-
ple tissue northern blots (CLONTECH) were 
probed successively with HspB8 cDNA (A, up-
per panels) and HspB9 cDNA (B), subsequent-
ly stripped and reprobed with Hsp27 cDNA (A, 
lower panels). Each lane contains approximate-
ly 2 μg of purified polyA+ RNA isolated from the 
indicated tissues. Marker sizes are indicated in 
kb. Note that blots A were exposed overnight 
whereas blots B were exposed for 5 days.
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I and II) spermatocytes, round sperma-
tids and step 9-12 elongate spermatids, 
and a somewhat lower expression in 
late pachytene spermatocytes and step 
13-15 elongate spermatids. No signal 
was detected in Sertoli cells, spermato-
gonia, leptotene, zygotene, early pach-
ytene spermatocytes and spermatozoa. 
Also in the testis of 16-days old mice 
the first HspB9 expression can be de-
tected in pachytene spermatocytes, but 
the number of stained cells in the tes-
tis increased with age: in 24-days old 
mice all tubuli contained stained cells 
(data not shown). The control sections 
of adult and immature testis incubated 
with the sense probe gave no signal 
(Figure 3 panel B). Interestingly, also 
Hsp25 - the mouse orthologue of Hsp27 
- has been reported to be expressed 
during spermatogenesis, but at some-
what earlier stages: leptotene, zygotene 
and early pachytene (Wakayama and 
Iseki 1999).
Comparisons with other sHsps
The nine human sHsps, indicated 
as HspB1-9, are aligned in Figure 1; the 
reasons for using the names HspB1-9 
are given in the legends. This alignment 
reveals that the sequences between po-
sitions 106 and 184 are best conserved, 
corresponding with the location of the 
α-crystallin domain. In that same re-
gion the homology with the archaeal 
MjHp16.5 is also clearly detectable. The 
similarities in the N-terminal domain are 
limited to some scattered short motifs 
(PF, SRL, LR), which are even absent in 
HspB3 and mostly so in HspB7/cvHsp. 
In the C-terminal extensions no over-
all similarities can be recognized. The 
secondary structure predictions sug-
gest that at least six of the 10 β-strands 
Figure  3. In situ hybridization of testis of adult 
mice with an antisense HspB9 probe (panel A 
and C) and a sense HspB9 probe (panel B). A 
dark brown staining was only obtained with the 
antisense probe, representing HspB9 mRNA 
signal. All stained cells are localized in the sem-
iniferous tubules. The stained cells indicated in 
the higher magnification (panel C) are diplotene 
(1) and stage XII (2) spermatocytes, and round 
spermatids (3).
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as observed in the α-crystallin domain 
of MjHsp16.5 (Kim et al. 1998a) may 
also be present in the human sHsps. 
The contact site for model substrates, 
which has been located between β3 
and β4 (Sharma et al. 2000), is also 
conserved. Three β-strands were not 
predicted, of which two, β1 and β6, are 
probably absent in human sHsps based 
on systematic analyses of spin-labeled 
αA-crystallin mutants (Koteiche and 
Mchaourab 1999).
The diversity of the human sHsps 
is also evident from Table 1. It reveals 
that HspB8 and HspB9 indeed have the 
most extreme pI values within the fam-
ily. The amino acid sequence identities 
of HspB8 and HspB9 with the other hu-
man sHsps reflect that both, but espe-
cially HspB9, have highly diverged from 
all others. Also the dispersal over differ-
ent chromosomes (apart from αB-crys-
tallin and HspB2, which are oriented 
head-to-head on chromosome 11 (Iwaki 
et al. 1997)), and the variety in intron 
positions witness for the ancienity of 
the gene duplications that have resulted 
in the present mammalian sHsp family. 
The percent sequence identity between 
orthologous human and rat or mouse 
sequences shows that all sHsps are 
highly conserved in mammals (between 
88% and 98% identity), with the excep-
tion of HspB9 (62% identity). It has been 
observed that sex-related genes, i.e. 
genes that are involved in fertilization, 
spermatogenesis or sex determination, 
have a high rate of nonsynonymous 
substitutions (Civetta and Singh 1998; 
Tsaur et al. 1998). This might be due 
to periods of positive selection acting 
on such genes during speciation, thus 
creating reproductive barriers between 
speciating populations. The increased 
rate of change of HspB9 thus supports 
the idea that it has some important sex-
related role.
With nine expressed and quite di-
vergent sHsps, mammals now com-
pare well with other organisms in which 
multiple sHsps have been described. 
This reaches numbers of at least 12 in 
Bradyrhizobium japonicum (Münchbach 
et al. 1999), 14 in Caenorhabditis 
elegans (Ding and Candido 2000), 13 in 
Xenopus laevis (Tam and Heikkila 1995) 
and over 20 in higher plants (Waters 
1995). In contrast, Saccharomyces 
cerevisiae has only two sHsps, and 
quite a few bacteria can even do with-
out (G. K. unpublished data), demon-
strating that the presence of so many 
different sHsps is not a universal re-
quirement.
Note added in proof
HspB8 has also been identified 
by Benndorf et al. who designated it 
HSP22 (Benndorf et al. 2001).
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4 The human genome encodes ten α-crystallin-related small heat shock proteins: HspB1-10
To obtain an inventory of all human genes that code for α-crystal-
lin-related small heat shock proteins (sHsps), the databases available 
from the public International Human Genome Sequencing Consortium 
(IHGSC) and the private Celera human genome project were exhaus-
tively searched. Using the human Hsp27 protein sequence as a query 
in the protein databases, which are derived from the predicted genes 
in the human genome, ten sHsp-like proteins were retrieved, including 
Hsp27 itself. Repeating the search procedure with all ten proteins and 
with a variety of more distantly related animal sHsps, no further human 
sHsps were detected, as was the case when searches were performed 
at the DNA level. The ten retrieved proteins comprised the nine earlier 
recognized human sHsps (Hsp27/HspB1, HspB2, HspB3, αA-crystallin/
HspB4, αB-crystallin/HspB5, Hsp20/HspB6, cvHsp/HspB7, H11/HspB8 
and HspB9) as well as a sperm tail protein known since 1993 as out-
er dense fiber protein 1 (ODF1). Although this latter protein probably 
serves a structural role, and has a high cysteine content (14%), it clearly 
contains an α-crystallin domain which is characteristic for sHsps. ODF1 
can as such be designated as HspB10. The expression of all ten human 
sHsp genes was confirmed by expressed sequence tag (EST) searches. 
For Hsp27/HspB1 two retropseudogenes were detected. The HspB1-B10 
genes are dispersed over nine chromosomes, reflecting their ancient ori-
gins. Two of the genes (HspB3 and HspB9) are intronless, and the others 
have one or two introns at various positions. The transcripts of several 
sHsp genes, notably HspB7, display low levels of alternative splicing, as 
supported by EST evidence, which may result in minor amounts of iso-
forms at the protein level.
Introduction
The small heat shock proteins 
(sHsps) form a ubiquitous family of mo-
lecular chaperones, of which the mon-
omer size typically ranges between 16 
and 25 kDa (for recent overviews, see 
Arrigo A.P. and Müller W.E.G. 2002; 
Narberhaus 2002; van Montfort et al. 
2002). They are characterized by a con-
served C-terminal region, called the 
α-crystallin domain, a more variable 
N-terminal sequence, and in most cas-
es a short and variable C-terminal tail. 
The sHsps occur as homo- or hetero-
meric complexes, comprising from two 
to about 40 subunits. These globular 
complexes are often polydisperse and 
dynamic, readily exchanging subunits. 
Crystallization is therefore generally a 
problem, and crystal structures are only 
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known for an archaea (Kim et al. 1998a) 
and a plant sHsp (van Montfort et al. 
2001). The α-crystallin domain consists 
of a β-sandwich of two antiparallel β-
sheets. The domains of two monomers 
tightly interact to form the dimeric build-
ing blocks of the sHsp oligomers. The 
N-terminal regions are variable in struc-
ture and contain α-helical components 
(e.g.,van Montfort et al. 2001; Kappé et 
al. 2002), while the very C-terminal tail 
flexes freely from the surface (Carver 
1999).
Functionally, sHsps prevent the in 
vitro aggregation of unfolding proteins. 
Bound proteins can be transferred to 
ATP-dependent chaperones, such as 
Hsp70, and refolded (Haslbeck and 
Buchner 2002). In vivo, the sHsps con-
fer protection to a variety of cellular 
stressors (Arrigo et al. 2002b; Latchman 
2002). The expression of most sHsps is 
developmentally regulated, and can be 
upregulated by various forms of stress 
(Davidson et al. 2002; Michaud et al. 
2002). The sHsps are involved in a va-
riety of cellular processes, notably relat-
ing to cytoskeletal rearrangements (e.g., 
Wieske et al. 2001; Quinlan 2002) and 
apoptosis (Charette and Landry 2000; 
Arrigo et al. 2002a). In humans, some 
sHsps occur at increased levels in neu-
rodegenerative disorders (e.g., Krueger-
Naug et al. 2002) and in certain tumors 
(e.g., Ciocca and Vargas-Roig 2002). 
Differential serine phosphorylation plays 
an important role in the functioning of 
mammalian sHsps (Gaestel 2002; Kato 
et al. 2002).
Although several bacteria have no 
or only a single sHsp (Kappé et al. 
2002; Narberhaus 2002), most organ-
isms express multiple sHsps in a cell-
specific and developmentally regulated 
pattern. The number of sHsp genes in 
the known eukaryotic genomes ranges 
from two in yeast, to 12 in Drosophila 
melanogaster (Michaud et al. 2002), 
16 in Caenorhabditis elegans (Candido 
2002) and 19 in Arabidopsis thaliana 
(Scharf et al. 2001). An exhaustive anal-
ysis of the A. thaliana genome revealed 
an additional 25 genes that were more 
distantly related, but clearly coded for 
proteins that contained one or more α-
crystallin domains (Scharf et al. 2001).
In humans, nine α-crystallin-relat-
ed sHsps have until now been recog-
nized (Kappé et al. 2001), for which 
the formal names HspB1 to HspB9 
have been proposed in accordance 
with the guidelines of the HUGO Gene 
Nomenclature Committee (Wain et al. 
2002). The best known representatives 
are Hsp27/HspB1, αB-crystallin/HspB5 
and Hsp20/HspB6. Other low molecular 
weight Hsps, like Hsp32 (human heme 
oxygenase), are sometimes also indicat-
ed as sHsps, but lacking the α-crystallin 
domain, they do not belong to this gene 
family. The nine genuine human sHsps 
differ considerably in properties - as far 
as known - and distribution, although 
most of them occur most abundantly in 
various types of muscle cells. To explore 
and eventually understand the whole ar-
ray of structures and functions of the 
human sHsps, it is a prerequisite to first 
know the actual number of sHsp genes 
that can be expressed in humans. We 
therefore performed exhaustive BLAST 
searches for sHsp-coding sequenc-
es in the human genome drafts of the 
Celera Discovery System (CDS) and 
the National Center for Biotechnology 
Information (NCBI) public database, 
which recovered a tenth sHsp, as such 
designated HspB10. This protein is well 
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known already as outer dense fiber pro-
tein 1 (ODF1; Gastmann et al 1993), but 
has not been recognized earlier in the 
literature as a member of the sHsp fam-
ily. It appears that not more than these 
ten active sHsp genes can currently be 
recognized in the human genome.
Materials and methods
Sequences used in searches
The accession numbers of the 
known human sHsps that were used as 
queries to search the human genome 
are listed in Table 1 (under Protein ac-
cession number). This includes the 
newly recognized ODF1/HspB10. Also 
the mouse or rat orthologs of these ten 
sHsps were used as queries (HspB1, 
accession number P14602; HspB2, 
Q99PR8; HspB3, Q9QZ57; HspB4, 
P02490; HspB5, P23927; HspB6, 
P97541; HspB7, P35385; HspB8, 
Q9JK92; HspB9, Q9DAM3; HspB10, 
Q61999), as well as various more dis-
tantly related animal sHsp sequences: 
Xenopus laevis Hsp30C (P30218), C. 
elegans C14F11.5 (Q17992), T27E4.3 
(P02513), C14B9.1 (P34328) and 
C09B8.6 (Q17849), D. melanogaster 
Hsp22 (P02515) and Hsp26 (P02517), 
Artemia franciscana p26 (AF031367), 
and Schistosoma mansoni p40 
(P12812). Searches were performed 
both with the complete sequences as 
well as with their α-crystallin domains 
alone.
Database searches
The human genome assembly con-
structed by Celera was searched utiliz-
ing the Celera Discovery System (CDS; 
Kerlavage et al. 2002), and the publicly 
available human genome database at 
the  NCBI (www.ncbi.nlm.nih.gov) was 
searched with the NCBI BLAST pro-
grams. BLASTP searches with our sHsp 
query sequences were performed on 
the protein databases that are derived 
by translation of the predicted genes in 
these versions of the genome. The en-
tire human genome was also searched 
for sHsp-related sequences directly at 
the DNA level, using translated nucle-
otide queries (TBLASTN). To find evi-
dence for transcriptional activity of the 
retrieved genes and for the existence of 
predicted alternative splicing products, 
TBLASTN searches for these gene 
products were performed in the ex-
pressed sequence tag (EST) database 
at the NCBI site. All BLAST searches 
were performed using the default set-
tings, except for the E value, which was 
set to 10 instead of 1 to increase the 
chances to recover more distant related 
sHsps. As a control of our search proce-
dures, we tried to find all earlier detect-
ed sHsp-related genes in the A. thaliana 
genome (Scharf et al. 2001) by BLASTP 
searches against its derived protein da-
tabase (www.arabidopsis.org).
It is important to mention that the 
databases of the CDS and NCBI  are 
constantly upgraded; all computational-
ly predicted genes and their translation 
products are going through a curation 
process, which means that specific in-
formation about a gene is subject to 
revision. It thus occurred that HspB1/
Hsp27 and HspB9 had been curated as 
being obsolete in the CDS databases in 
November 2001, and at that time were 
undetectable in the protein, mRNA or 
gene databases. Similar inconsisten-
cies were experienced for HspB7/cvHsp 
(see Results and Discussion), and may 
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unknowingly have affected our results 
for other sHsps.
Identifying  the α-crystallin domain
Demonstrating the presence of the 
α-crystallin domain is crucial for the 
identification of a sHsp. For sequences 
retrieved by CDS we relied on its built-
in protein classification system, which 
predicts protein domains - including the 
“Hsp20/α-crystallin domain” - by using 
the PROSITE, Pfam, PRINTS, ProDom 
and SMART databases. The presence 
of an Hsp20/α-crystallin domain in pro-
tein sequences retrieved from NCBI 
was ascertained using the web-based 
ProfileScan server at the Swiss Institute 
for Bioinformatics (SIB; http://hits.isb-
sib.ch/cgi-bin/PFSCAN/). This server 
uses PROSITE profiles and patterns, 
and Pfam hidden Markov models to 
search for domains.
Results and discussion
Ten active sHsp genes in the human 
genome
An initial BLASTP search with the 
sequence of human HspB1/Hsp27 in 
the Celera protein database (October 
2001) yielded the nine already known 
sHsps (Kappé et al. 2001), as well 
as a sperm tail outer dense fiber pro-
tein, ODF1 (Table 1). The alignment in 
Figure 1 reveals that ODF1 contains 
a genuine α-crystallin domain (posi-
tions 129-203). It thus belongs to the 
human sHsp family in which it can be 
designated as HspB10/ODF1. In ad-
dition, two hypothetical proteins were 
retrieved that correspond to the open 
reading frames of two HspB1/Hsp27 
pseudogenes (Table 1, and see be-
low). These twelve hits formed the un-
interrupted top of the list in the results 
file, with E values ranging from 10-111 
to 10-4. Following these sHsps came a 
dozen hits, with E values quickly rising 
from 10-2 to 10. Using the protein classi-
fication provided by Celera, and the SIB 
ProfileScan server in cases of doubt, no 
α-crystallin domains were found among 
these hits. The same search proce-
dure was repeated with all other human 
sHsps, including HspB10/ODF1, and 
with the two translated HspB1 pseudo-
genes. Between the queries differenc-
es were found in the order and number 
of hits, and in the efficiency of finding 
the other sHsps; especially HspB9 and 
HspB10 were ineffective queries. No 
further candidate sHsps, with recog-
nizable α-crystallin domains, were dis-
covered. BLAST searches in the Celera 
human protein database were also per-
formed with the rat or mouse orthologs 
of HspB1-10, and with more distantly re-
lated sHsps from X. leavis, C. elegans, 
D. melanogaster, A. franciscana and S. 
mansoni (for specifications, see Mate-
rials and Methods). Again, no additional 
sHsps were found.
Similar searches in the public hu-
man genome protein database, via the 
NCBI website, gave comparable re-
sults, and in addition various predicted 
alternatively spliced sHsp forms were 
retrieved (Table 1, and see below). To 
further investigate the entire human ge-
nome directly at the DNA level, also a 
TBLASTN screening of the NCBI and 
Celera genome databases was per-
formed to search for sHsp-related se-
quences missed by the automated gene 
discovery process, and therefore not 
present in the protein databases. These 
searches, using the protein sequenc-
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Table 1.  sHsp genes, pseudogenes and putative alternative splicing products as retrieved from the Celera and 
NCBI human genome databases.
Formal
namea)
Alternative
nameb)
Chromosomal
locusc)
Protein
acc. nr.d)
NCBI 
mRNA acc. nr.
Celera 
gene acc. nr.
ESTs
founde)
HspB1 Hsp27 7p12.3f) P04792 NM_001540 hCG41359 1806
HspB1-psg1 Xp11.23 XM_066514 hCG1792189 0
HspB1-psg2 9q13-9q21 NT_008580g) hCG1641549 0
HspB1-alt1 XM_050415 20
HspB1-alt2 XM_088233 0
HspB2 MKBPh) 11q22-q23 Q16082 XM_012054 hCG39461 29
HspB3 5q11.2 Q12988 NM_006308 hCG1736006 47
HspB3-alt XM_087736 1
HspB4 αA-crystallin 21q22.3 P02489 NM_000394 hCG401285 276
HspB4-alt XM_086788 1
HspB5 αB-crystallin 11q22.3-q23.1 P02511 NM_001885 hCG1730741 798
HspB6i) Hsp20 19q13.13 O14558 XM_059039 189
HspB6-alt hCG23587 2
HspB7 cvHsp 1p36.2-p34.3 Q9UBY9 XM_053183 hCG23506 202
HspB7-alt1 XM_059229j) 12
HspB7-alt2 1
HspB8 H11/Hsp22k) 12q24.23 Q9UKS3 XM_096051 hCG27207 286
HspB9 17q21.2 Q9BQS6 NM_033194 25
HspB10 ODF1 8q22 Q14990 NM_024410 hCG1640139 11
a) Formal names according to the guidelines of the HUGO Gene Nomenclature Committee 
(www.gene.ucl.ac.uk/nomenclature); -psg, pseudogene; -alt, alternative or incomplete splicing product 
as predicted in the NCBI and Celera databases.
b) Only the most commonly used names are given.
c) Chromosomal loci are from the OMIM database. 
d) Protein accession numbers are from the SwissProt database except for HspB9, which is from the 
SPTrEMBL database.
e) Numbers of ESTs as found in the UniGene database on July 23, 2002 (HspB1, Hs.76067; HspB2, 
Hs.78846; HspB3, Hs.41707; HspB4, Hs.184085; HspB5, Hs.1940; HspB6, Hs.351558; HspB7, 
Hs.56874; HspB8, Hs.111676; HspB9, Hs.238094; HspB10, Hs.159274). ESTs for alternative splicing 
products and pseudogenes were manually searched in the NCBI database, and may be underestimates 
as compared to the total number of ESTs for a given gene, because of the incompleteness of many 
ESTs. 
f)  HspB1 has recently moved from 7q11.23 to 7p12.3.  
g) Not present as predicted protein or mRNA, but as DNA sequence in the human chromosome 9 work-
ing draft sequence segment, located between bp positions 3787555- 3787331.
h) HspB2 (Iwaki et al. 1997) was identified as a myotonic dystrophy protein kinase-binding protein 
(MKBP) by Suzuki et al. (1998).
i)  The correct HspB6 sequence, as described by Kato et al. (1994), is only present in the NCBI database; 
the SwissProt accession number O14558 lacks three residues, and Celera only presents the alternative 
splicing product HspB6-alt (see text). 
j) HspB7-alt1 has been removed from the NCBI database, but is present in the EST database.
k) HspB8 was first reported as H11, a protein with protein kinase activity, by Smith et al (2000), and iden-
tified as a novel sHsp, designated HSP22, by Benndorf et al. (2001).
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six of the β-strands as present in the 
crystal structures of Methanococcus 
jannaschii Hsp16.5 (Kim et al. 1998a) 
and wheat Hsp16.9 (van Montfort et al. 
2001) are correctly predicted from the 
alignment of the human sHsps, as indi-
cated in Figure 1. However, the inability 
to predict in the human sHsps the four 
β-strands β1, β2, β6 and β10 also indi-
cates considerable differences. Notably 
the absence of the β6-strand, which is 
important for dimer contacts in the sHsp 
complex (van Montfort et al. 2002), sug-
gests that these contacts are different 
between the human and plant or ar-
chaebacterial sHsps.
The dispersal of the ten sHsp genes 
over nine different chromosomes (Table 
1) witnesses for the ancient duplications 
that have generated the human sHsp 
family. Even the head-to-head located 
genes for HspB2 and HspB5/αB-crys-
tallin on chromosome 11 are highly di-
vergent in sequence (Iwaki et al. 1997). 
It is therefore difficult, if not impossible, 
to reliably resolve the gene phylogeny 
of all ten human sHsps. Using sophisti-
cated likelihood-based methods for phy-
logenetic inference (Whelan et al. 2001), 
we only found consistent support for the 
grouping of  HspB4/αA-crystallin, 
HspB5/αB-crystallin and HspB6/Hsp20 
as the most closely related ones 
amongst the ten human sHsps (data not 
shown). This relationship actually is 
also clear from some uniquely shared 
amino acid replacements (e.g., posi-
tions 38W, 41R, 151H, 171H, 175R in 
Figure 1), and seems to be confirmed 
by the common intron-exon structures 
of HspB4, HspB5 and HspB6, as indi-
cated in Figure 1. However, the genes 
for HspB1 and HspB8 also precisely 
share the positions of their two introns, 
es of all ten sHsp genes and the two 
HspB1 pseudogenes as queries, did not 
recover any new entries.
To validate our BLASTP search pro-
cedure, we applied precisely the same 
approach to the genome database of A. 
thaliana. Performing BLASTP search-
es with a number of A. thaliana sHsps 
(AtHsp17.4, AtAcd31.2, AtAcd28.1, 
AtAcd25.4, AtAcd21.4 and AtAcd55.2) 
we could retrieve all 44 sHsps and other 
“α-crystallin domain (Acd) proteins” as 
reported by Scharf et al. (2001). This 
indicates that our BLASTP searches 
in the human genome should have de-
tected such more distantly related α-
crystallin domain-containing proteins.
The BLASTP searches on the NCBI 
human database retrieved two predicted 
alternative splicing products for HspB1, 
and one each for HspB3, HspB4/αA-
crystallin, HspB6/Hsp20 and HspB7/
cvHsp (see Table 1). EST searches pro-
vided evidence that most of these pre-
dicted alternative splicing products were 
merely splicing intermediates or mispre-
dictions based on cryptic splice sites in 
the gene sequences. EST searches fur-
ther revealed a second alternative splic-
ing product for HspB7/cvHsp (Table 
1), and confirmed the absence of tran-
scripts of the two HspB1 pseudogenes.
Alignment of the ten sHsps that are 
encoded and expressed by the human 
genome (Figure 1) confirms again that 
the α-crystallin domain (approximately 
positions 118-203) is the only recogniz-
ably homologous region in all sHsps. 
In the N- and C-terminal regions only 
short sequence motifs (e.g., positions 
56-67 and 219-223) are more or less 
conserved in most human sHsps. The 
structural conservation of the α-crystal-
lin domain is supported by the fact that 
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but do not group together on basis of 
their sequence resemblance. Just like 
the absence of introns in the genes for 
HspB3 and HspB9, common intron po-
sitions are difficult to interpret phyloge-
Figure 1.  Alignment of the ten human sHsps. Intron positions and predicted secondary structure ele-
ments are indicated by arrowheads above and arrows (for β-strands) below the alignment, respectively. 
The α-crystallin domain is approximately located between positions 118 and 203. Sequences corre-
spond with the protein accession numbers in Table 1 (but see footnote i for HspB6). The alignment is 
made with ClustalW and manually edited in GeneDoc. Residues in black are conserved in eight or more 
sHsps; those in gray in five to seven. The secondary structure was predicted from the ten aligned se-
quences with PHD (Rost and Sander 1994); predicted β-strands are numbered according to the approxi-
mate location of the corresponding β-strands in the crystal structures of M. jannaschii Hsp16.5 (Kim et 
al. 1998a) and wheat Hsp16.9 (van Montfort et al. 2001). Numbers above the arrowheads correspond 
with the HspB1-10 numbering: thus, in the HspB1 and HspB8 genes two introns are present at the same 
positions, 152 (phase 1) and 175 (phase 2); HspB2 has a single phase 1 intron, at position 66; HspB3 
and HspB9 are intronless; HspB4, HspB5 and HspB6 have two phase 0 introns at identical positions, 
between 117/118 and between 158/159; HspB7 has two introns, at positions 91 (phase 1) and between 
157/158 (phase 0); HspB10 has one phase 2 intron, at position 107.
netically in view of the ongoing introns 
early/late debate (de Souza et al. 
1998).
Those human sHsps and their 
genes for which new features have 
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been revealed are further discussed in 
the following paragraphs.
HspB1/Hsp27
One active and two pseudogenes 
for HspB1/Hsp27 were found in the hu-
man genome databases (Table 1). The 
sequences of the active gene and pseu-
dogene 1, located on chromosomes 7 
and X, respectively, correspond with 
those reported by Hickey et al. (1986). 
Pseudogene 2 is located on chromo-
some 9, in agreement with the as-
signment of Hsp27 sequences to this 
chromosome by McGuire et al. (1989). 
As already described by Hickey et al. 
(1986), pseudogene 1 is a classical in-
tronless retropseudogene. It has three 
deletions, 16 non-synonymous and 26 
synonymous point mutations as com-
pared to the coding region of the origi-
nal HspB1 gene (Figure 2). Despite 
these deletions and base substitutions, 
it has an uninterrupted open reading 
frame. Pseudogene 2 is a 5’-truncat-
ed semiprocessed retropseudogene 
(Figure 2). It lacks exon 1, starts at the 
3’ end of intron 1, and further comprises 
exons 2 and 3. It also has an open read-
ing frame, starting at the first ATG in 
exon 2. As mentioned already, no tran-
scripts of these pseudogenes are found 
in the EST database. Both pseudogene 
1 and 2 are flanked by a poly-A stretch 
at the 3’ end, as well as at the 5’ end. 
HspB1 is the only human sHsp gene for 
which pseudogenes have been found. 
Orthologous HspB1 retropseudogenes 
could not be detected in the mouse ge-
nome database of Celera, suggesting 
their relatively recent origin.
The NCBI protein database con-
tains two computationally predicted pro-
teins that could result from incomplete 
or alternative splicing of the HspB1 pre-
mRNA (Table 1). In HspB1-alt1, intron 
1 is not spliced out of the pre-mRNA, 
and upon translation the first in frame 
stop codon in intron 1 would be used. 
This could yield the normal HspB1 pro-
tein sequence up to the middle of the α-
crystallin domain (position 151 in Figure 
1), followed by a completely different 
C-terminal region of 65 amino acids. 
Twenty ESTs were found for HspB1-alt1, 
representing only about 1% of all ESTs 
for HspB1. Given this low abundance 
of ESTs, and the questionable viability 
of the partially out-of-frame translation 
product, this gene transcript is unlike-
ly to have any physiological relevance. 
HspB1-alt2 is based on the presence 
of assumed cryptic splice sites: a non-
consensus GA splice donor site in exon 
1, and a consensus AG splice acceptor 
site in exon 3 (indicated in Figure 2). No 
ESTs were found for HspB1-alt2, nor for 
any splicing product combining a cryp-
tic with a regular splice site, suggest-
ing that the cryptic splice sites are not 
used.
HspB3
Although the HspB3 gene is in-
tronless (Figure 1), the NCBI protein 
database contains a predicted protein 
(HspB3-alt in Table 1) that would result 
from splicing of a 117-bp pseudo-intron, 
bordered by a nonconsensus intron-
exon boundary, GC-AG. This spliced 
mRNA would be translated in an HspB3 
protein missing the 39 residues corre-
sponding to positions 37-79 in Figure 
1. Since we found only a single EST 
for this sequence, amongst the 47 for 
HspB3, the removal of this pseudo-in-
tron must be a rare event.
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Figure 2.  Alignment of the open reading frames and flanking intron sequences of the HspB1/Hsp27 
gene and its two processed pseudogenes. The alignment was made with ClustalW and edited with 
GeneDoc. The two introns in the HspB1 gene are in gray. Sequence differences are highlighted in black; 
the black nucleotides from positions 390-425 in pseudogene 2 demarcate its 5’ boundary. Start and stop 
codons are underlined (the potential start codon for pseudogene 2 is at positions 468-470). The GA and 
AG sequences in bold at positions 343-344 and 615-616 indicate the alternative splice sites in exon 1 
and exon 3 that are predicted to give rise to HspB1-alt2 (see Table 1 and text).
HspB4/αA-crystallin
A predicted case of incomplete splic-
ing of HspB4/αA-crystallin was found in 
the NCBI protein database that is com-
parable to HspB1-alt1, i.e., in which in-
tron 1 is still present (HspB4-alt in Table 
1). Translation of the mRNA would yield 
the normal N-terminal region of HspB4/
αA-crystallin, up to position 118 in Figure 
1, followed by a completely different C-
terminal region of 72 residues. With 
only one detected EST amongst the 
276 for HspB4, it is likely to represent 
a pre-mRNA or splicing intermediate. 
Interestingly, no ESTs were found for 
the well-known alternative splice variant 
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αAins-crystallin, in which an optional 69-
bp pseudo-exon is spliced in between 
the regular exons 1 and 2 because it is 
flanked by a nonconsensus GC 5’ donor 
splice site (King and Piatigorsky 1983). 
EST searches were specifically per-
formed with the sequence of the human 
optional exon (Jaworski and Piatigorsky 
1989). αAins-crystallin is quite abundant-
ly expressed in rodents and some other 
mammals (Hendriks et al. 1988), but has 
not been observed at the protein level in 
man, probably because of a frame-shift 
mutation in the optional exon. However, 
the human optional exon is flanked by 
the same splice site sequences as in 
rodents, and the alternatively spliced 
αAins-crystallin mRNA could therefore be 
expected to be present, unless the reg-
ulation of alternative splicing is different 
in human and rodents. Alternatively, any 
possible human αAins-crystallin mRNA 
might be rapidly degraded because in-
sertion of the optional exon causes out-
of-frame translation of exon 2, up to a 
stop codon 81 nucleotides upstream of 
intron 2. This will lead to nonsense-me-
diated mRNA decay, which occurs when 
translation terminates more than 50-
55 nucleotides upstream of the 3’-most 
exon-exon junction (Maquat 2002). The 
same decay mechanism may actually 
also operate in the case of HspB1-alt1 
and HspB4-alt.
HspB6/Hsp20
The HspB6/Hsp20 sequence from 
the NCBI protein database as given in 
Figure 1 corresponds with the protein 
sequence as originally determined by 
Kato et al. (1994), but differs from the 
SwissProt entry (accession number 
O14558). The latter lacks three resi-
dues, VAQ at positions 115-117 in Figure 
1, corresponding with the 3’ end of exon 
1. Also because all HspB6 sequenc-
es in the NCBI human EST database 
have the VAQ insert, we conclude that 
the HspB6 sequence in Figure 1 is the 
correct one. The Celera protein data-
base only predicts an alternative form 
of HspB6, not HspB6 itself. This HspB6-
alt (Table 1) has the sequence of HspB6 
as shown up to position 201 in Figure 1, 
including the VAQ insert, but the 15 C-
terminal residues have been replaced 
by a completely different 51-residue se-
quence. It would result from the removal 
of an optional 59-bp intron (including the 
normal stop codon) from the third exon 
by the use of a cryptic splice site pair 
GC-GG. One could imagine that this 
yields a viable C-terminally elongated 
form of HspB6. However, only two of the 
189 HspB6 ESTs could be confirmed to 
correspond with HspB6-alt (Table 1).
HspB7/cvHsp
TBLASTN searches in the Celera 
database and in the NCBI working draft 
of February 2002 retrieved two linked 
and highly similar copies of the HspB7 
gene, located on chromosome 1. In 
both databases one of the copies was 
incomplete at the 5’ coding end, but the 
order and distance of the two copies dif-
fered. In a newer version of the NCBI 
working draft (May 2002) only the in-
complete HspB7 gene was present, 
and at a different position. Genome as-
sembly in this part of chromosome 1 is 
clearly still in progress.
HspB7-alt1 was predicted in the 
NCBI protein database. It would result 
from the use of a start codon in intron 1, 
45 nucleotides upstream of the regular 
3’ splice site of this intron. The deduced 
protein would therefore have the normal 
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HspB7 sequence from position 91 on-
ward (cf. Figure 1), preceded by a devi-
ating N-terminal region of 15 residues: 
MQGLLHASLTAAHPT. HspB7-alt1 is re-
presented by 12 ESTs, as compared to 
a total of 202 ESTs for HspB7, which 
makes it an intriguing gene product, es-
pecially since the alt-1 ESTs are pre-
dominantly present in muscle 
rhabdomyosarcoma.
EST searches revealed a single en-
try of a second alternatively spliced var-
iant of HspB7, HspB7-alt2 (Table 1). It 
results from the use of an alternative 3’ 
splice site AG located 12 bp upstream 
of the regular 3’ splice site of intron 1, 
and would cause an insert of four amino 
acids (AHPT) between positions 90 and 
91 in Figure 1. Krief et al. (1999), who 
first described HspB7/cvHsp, reported a 
similarly located insert in a cDNA clone, 
although with the sequence AAHPT.
On basis of EST and cDNA anal-
yses, Krief et al. 1999 proposed an 
HspB7 gene organization with four in-
trons. We inferred from the genomic 
data the presence of two introns (Figure 
1), of which the first one, at position 91, 
was correctly predicted by Krief et al. 
(1999).
HspB10/ODF1
Like HspB9 (Kappé et al. 2001), the 
newly recognized HspB10/ODF1 has a 
testis-specific expression (Gastmann et 
al. 1993), which was confirmed by our 
present EST analyses. With a length 
of 250 residues and a mass of  28.4 
kDa, HspB10/ODF1 is the largest and 
most deviating amongst the human 
sHsps. Most conspicuous are the thir-
teen Pro-Cys-X repeats in the C-termi-
nal extension, where X is mostly Ser 
or Asn (positions 203-242 in Figure 
1). This region is predicted to form a 
coiled-coil (Shao and van der Hoorn 
1996). The other regions of the protein 
are rich in cysteines too; thereby the to-
tal cysteine amounts to 14%. ODF1 is 
a major component of the outer dense 
fiber of the sperm tail, which is assem-
bled along the axoneme during devel-
opment of the sperm and functions as a 
passive elastic structure, providing elas-
tic recoil for the sperm tail (Baltz et al. 
1990). ODF1 is a highly insoluble pro-
tein, also because of the presence of di-
sulfide bonds, and thus will be unable to 
act as a soluble chaperone-like protein 
like most other sHsps. ODF1 can self-
interact in the yeast two-hybrid system, 
and forms multimers in vitro, probably 
assisted by a putative leucine zipper 
dimerization motif in the N-terminal re-
gion (Shao and van der Hoorn 1996). 
A 27-bp deletion polymorphism in the 
PCX repeat region has been described 
in man, but is not associated with fertil-
ity problems (Hofferbert et al. 1993).
While human and mouse HspB9 
show the highest protein sequence di-
vergence amongst the orthologous 
sHsps in these two species (Kappé et 
al. 2001), human and mouse HspB10/
ODF1 are almost identical (96%), apart 
from four additional PCX repeats and a 
deletion of 15 amino acids right before 
the intron (positions 92-107 in Figure 1) 
in the mouse sequence.
General conclusions
On basis of our analyses of the cur-
rent genome databases from Celera 
and NCBI, we could not detect more 
than ten different sHsps as being en-
coded and expressed by the human 
genome. HspB9 and HspB10/ODF1 
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are specifically expressed in the testis, 
and HspB4/αA-crystallin in the eye lens. 
The other seven sHsps are more ubiqui-
tous in their expression, although most 
of them typically occur in muscle and 
heart. Our searches revealed a consid-
erable number of predicted alternative 
and intermediate splicing products, al-
though most of these were not detected 
at appreciable levels in the EST data-
bases. However, heat shock is known 
since long to interfere with the splicing 
of pre-mRNA (e.g., Bond 1988). It may 
therefore be possible that some of the 
alternative splicing products are more 
abundant under heat shock conditions.
Considering that orthologs of the ten 
human sHsps are present in mouse and 
rat, it is to be expected that the same 
ten orthologs will be present in all mam-
malian species, and probably in other 
higher vertebrates (birds and reptiles) 
as well. In view of the exhaustive search 
procedures used in the present study, 
including the EST databases, it seems 
unlikely that additional genuine sHsp 
genes will still be detected as encoded 
and expressed by the human genome, 
although the presence of genes with 
more marginal homology can never be 
excluded. Thus, it is interesting to note 
that no apparent orthologs of the typi-
cal lower vertebrate Hsp30 subfamily 
of sHsps, as found in multiple copies 
in X. laevis (Abdulle et al. 2002) and 
the fish Poeciliopsis lucida (Norris and 
Hightower 2002), have been traced 
in the human genome. Only HspB9 
has the tendency to cluster with these 
Hsp30 sequences in our phylogenetic 
analyses (data not shown), but whether 
this reflects genuine orthology may be 
difficult to establish.
The greatest challenge now is to 
explore and understand the functional 
characteristics and physiological pro-
perties of this broad array of vertebrate 
sHsps.
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5 Tsp36, a tapeworm small heat shock protein with a dupli-cated α-crystallin domain, forms dimers and tetramers with good chaperone-like activity
Small heat shock proteins (sHsps), which range in monomer size be-
tween 12 and 42 kDa, are characterized by a conserved C-terminal α-
crystallin domain of 80-100 residues. They generally form large homo- or 
heteromeric complexes, and typically have in vitro chaperone-like ac-
tivity, keeping unfolding proteins in solution. A special type of sHsp, 
with a duplicated α-crystallin domain, is present in parasitic flatworms 
(Platyhelminthes). Considering that an α-crystallin domain is essen-
tial for the oligomerization and chaperone-like properties of sHsps, we 
characterized Tsp36 from the tapeworm Taenia saginata. Both wild type 
Tsp36 and a mutant (Tsp36C→R) in which the single cysteine has been 
replaced by arginine were expressed and purified. Far-UV CD measure-
ments of Tsp36 were in agreement with secondary structure predictions, 
which indicated α-helical structure in the N-terminal region and the ex-
pected β-sandwich structure for the two α-crystallin domains. Gel per-
meation chromatography and nano-ESI-MS showed that wild type Tsp36 
forms dimers in a reducing environment, and tetramers in a non-reducing 
environment. The tetramers are stabilized by disulfide bridges involving a 
large proportion of the Tsp36 monomers. Tsp36C→R exclusively occurs 
as dimers according to gel permeation chromatography, while the non-
disulfide bonded fraction of wild type Tsp36 dissociates from tetramers 
into dimers under non-reducing conditions at increased temperature 
(43°C). The tetrameric form of Tsp36 has a greater chaperone-like activity 
than the dimeric form.
Introduction
Small heat shock proteins (sHsps) 
are found in all organisms, apart from 
some bacteria, and form a superfamily 
of molecular chaperones with a consid-
erable structural and functional variety 
(for recent reviews see  Haslbeck 2002; 
Narberhaus 2002; van Montfort et al. 
2002; Arrigo A.P. and Müller W.E.G. 
2003). Most organisms express multi-
ple sHsps, up to ten in human (Fontaine 
et al. 2003; Kappé et al. 2003) and per-
haps even 44 in Arabidopsis thaliana 
(Scharf et al. 2001), varying with cell 
type, developmental stage and physio-
logical condition. They typically are able 
to bind unfolding proteins in vitro, keep-
ing these in a folding-competent state. 
In vivo, sHsps interact with the cytoskel-
eton and membranes, participate in 
multichaperone networks and signalling 
pathways, provide cytoprotection and 
inhibit apoptosis.
The various sHsps range in size from 
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12 to 42 kDa, and are characterized by 
a 80- to 100-residue C-terminal “α-crys-
tallin domain”. This conserved domain 
is flanked by a more variable N-terminal 
domain and generally a short C-termi-
nal extension. All sHsps are oligomers, 
ranging from dimers to more than 40 
subunits, exchanging subunits in a tem-
perature dependent manner (Bova et 
al. 2002; Sobott et al. 2002; Putilina 
et al. 2003). Crystal structures are 
known for Methanococcus jannaschii 
Hsp16.5 (Kim et al. 1998a) and for 
wheat (Triticum aestivum) Hsp16.9 (van 
Montfort et al. 2001). The 24 subunits in 
the MjHsp16.5 complex have a spheri-
cal organization, while the 12 subunits 
of TaHsp16.9 are arranged as two hex-
americ disks. Although the complexes 
thus differ in overall organization, they 
both have dimers as primary building 
blocks, and their α-crystallin domains 
form very similar IgG-like β-sandwich 
folds. The α-crystallin domains of two 
monomers tightly interact to form the 
dimer, whereas the N-terminal domain 
and C-terminal tail are largely responsi-
ble for further oligomerization.
A unique group of sHsps, having two 
α-crystallin domains per monomer, and 
largely or completely lacking a C-termi-
nal extension, is found in various platy-
helminths. First reported as the major 
egg antigens p40 and p40-2 of the bil-
harzia parasite Schistosoma mansoni 
(Nene et al. 1986; Cao et al. 1993), 
similar proteins have since been report-
ed for the tapeworm Taenia saginata 
(Benitez et al. 1998) and Echinococcus 
multilocularis (Merckelbach et al. 2003), 
and can be found in the databases for 
Paragonimus westermani and Taenia 
solium (see Figure 1 for accession 
numbers). These are all parasitic flat-
worms with a complex life cycle. In S. 
mansoni, the p40 antigens are encod-
ed by a multigene family, differentially 
expressed during the life cycle of the 
parasite, and form a major component 
in eggs and early larval stages (Nene 
et al. 1986). The only other genes cod-
ing for proteins with two or more α-crys-
tallin domains have been traced in the 
A. thaliana genome, where three ORFs 
were found (Scharf et al. 2001). with a 
duplicated domain, one ORF with three 
domains, and even one with five do-
mains . However, the properties of these 
hypothetical A. thaliana proteins remain 
to be investigated. The only other sHsps 
without a C-terminal extension are the 
four Hsp12 proteins of Caenorhabditis 
elegans. These are the smallest sHsps 
known, and form at most tetramers 
(Leroux et al. 1997; Kokke et al. 1998), 
without chaperone activity.
Since the α-crystallin domain is the 
core structure of sHsps, it is of particular 
interest to study the effects of a dupli-
cated α-crystallin domain on structure, 
oligomerization and chaperone func-
tion of the platyhelminth sHsps. Also 
the absence of a C-terminal exten-
sion, essential for oligomerization (Kim 
et al. 1998a; Lindner et al. 2000; van 
Montfort et al. 2001; Fernando et al. 
2002; van Montfort et al. 2002; Pasta 
et al. 2002) and optimal chaperone ac-
tivity (Smulders et al. 1996; Lindner et 
al. 2000; Fernando et al. 2002; Pasta 
et al. 2002; Studer et al. 2002) in vari-
ous other sHsps, makes such a study 
most relevant. The S. mansoni p40 ho-
mologs seemed less promising for such 
a study, since they were reported to be 
poorly soluble (Nene et al. 1986). We 
therefore chose another platyhelminth 
two-domain sHsp, designated Tsp36 
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of T. saginata, which was found during 
an antibody screening of a parasite on-
cosphere cDNA library (Benitez et al. 
1998). Tsp36 turned out to be a soluble 
protein that could be readily purified and 
characterized.
Experimental procedures
Cloning, expression and purification 
of wild type Tsp36 and its mutant 
Tsp36C→R
The cDNA containing the coding se-
quence of T. saginata Tsp36 (Benitez et 
al. 1998) was cloned into the pET3a ex-
pression vector (Novagen) using NdeI 
and BamHI restriction sites, which 
were introduced by PCR. Primers 
Tsp36pETfor (5’- TTGCGGCCATATGT-
CTATCTTTC-3’, NdeI-site underlined) 
and Tsp36pETrev (5’-ACATAAGGATC-
CTCATTTAAAGA-3’, BamHI-site under-
lined) were used as forward and reverse 
primers, respectively. Sequencing of the 
pET3a-Tsp36 construct revealed a 6-
bp difference with the database entry 
(accession number Y12513): GC CTG 
A instead of CT GAA T, which results 
in Ser-Leu-Ile rather then Thr-Glu-Phe 
(Figure 1, positions 27-29). Subsequent 
sequencing of the complete gene from 
genomic DNA confirmed that GC CTG 
A is correct (deposited in the EMBL/
GenBank/DDBJ database under ac-
cession number AJ551179). BL21-
(DE3)pLysS cells (Invitrogen) were 
transformed with the pET3a-Tsp36 con-
struct, and the expression of the protein 
was induced overnight at 25°C and an 
IPTG concentration of 0.4 mM. Cells 
were spun down from 4 cultures of 250 
ml and resuspended in 20 ml TEN50 pH 
7.4 (20 mM Tris-HCl, 1 mM EDTA and 
50 mM NaCl) containing protease in-
hibitors (one complete protease inhibitor 
cocktail tablet, Roche). The cell suspen-
sion was frozen, thawed and incubated 
for 30 minutes at 4°C with 10 mg lys-
ozyme, and another 30 minutes at 4°C 
with 1 mg DNAseI after adding MgCl2 
to a final concentration of 12 mM. The 
soluble fraction was dialyzed against 
TEN50 pH 7.4, and Tsp36 was purified 
over a fast flow DEAE sepharose col-
umn (Amersham Pharmacia Biotech) 
in 20 mM Tris-HCl and 1 mM EDTA, pH 
7.4, at room temperature and a flow rate 
of 2 ml/min, using a gradient from 50 to 
300 mM NaCl. Tsp36 eluted at approxi-
mately 130 mM NaCl.
A mutant of Tsp36 in which the 
single cysteine (alignment position 
175 in Figure 1) is mutated into an ar-
ginine was constructed using the 
QuickChange site-directed mutagene-
sis system (Stratagene), and the 5’-CT
CAGAAGTCAGTGGCAAGAGGGGAC
GCGGCGATG-3’ and 5’-CATCGCCGC
GTCCCCTCTTGCCACTGACTTCTGA
G-3’ forward and reverse primers, re-
spectively. Recombinant Tsp36C→R 
and human αB-crystallin (Muchowski et 
al. 1997) were similarly isolated as wild 
type Tsp36.
Far-UV circular dichroism spectros-
copy
CD-spectra were recorded on a 
J-810 spectropolarimeter (Jasco) us-
ing 280 μg/ml of protein in a 1 mm cu-
vet. Samples were dialyzed against 10 
mM potassium phosphate buffer pH 7.8 
and incubated for 10 minutes at 37°C 
prior to the measurement of the spec-
tra. Spectra were recorded at 37°C be-
tween 195 and 245 nm at 20 nm/min 
with a response time of 2 seconds and 
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step size and bandwidth set to 1 nm. 
Twenty spectra were averaged, and cor-
rected with the average of 5 spectra re-
corded for the buffer alone. If required, 
DTT was added to a concentration of 10 
mM and the sample was incubated for 
10 minutes. Just prior to recording of the 
spectra the solution was diluted to ob-
tain a final DTT concentration of 1 mM.
Size of the complexes estimated by 
gel filtration chromatography
500 μg of protein was dialyzed 
against TEN200 pH 7.4 buffer (20 mM 
Tris, 1 mM EDTA, 200 mM NaCl), load-
ed via a 500 μl loop onto a Superose 6 
HR 10/30 column, connected to an Äkta 
explorer 100 (Amersham Pharmacia 
Biotech), and eluted in the same buff-
er. If required, DTT was added to the 
elution buffer to a final concentration 
of 1 mM, and samples were incubated 
for 15 minutes at 37°C in the presence 
of 10 mM DTT before loading. The col-
umn was calibrated using the high mo-
lecular mass gel filtration calibration kit 
(Amersham Pharmacia Biotech).  Size 
estimations on a Superdex 75 column 
were performed similarly, both at room 
temperature and at 43°C, loading 250 
μg and 200 μg of protein onto the col-
umn, respectively, using the 200 μl loop 
and eluting in a TEN200 pH 7.0 buffer.
Size of the complex determined by 
nano-ESI-MS
To determine the complex size of 
Tsp36 by mass spectroscopy non-vol-
atile buffer salts were removed from a 
stock solution of Tsp36 (2 mg/ml) by ap-
plying 40 µl to a Micro-BioSpin chroma-
tography column (BioRad Laboratories) 
previously equilibrated in 200 mM am-
monium acetate, pH 7.0. The process 
was repeated to achieve satisfacto-
ry exchange, and a mass spectrum of 
this sample was acquired. DTT (1 μl, 25 
mM) was added to 24 μl of the Tsp36 
solution and incubated for 10 minutes 
at 34°C and a spectrum of this reduced 
sample was then acquired. Nano-elec-
trospray MS measurements were per-
formed on an LCT mass spectrometer 
(Micromass UK Ltd). Typically, 2 µl of 
solution were electrosprayed from gold-
coated glass capillaries prepared in-
house. In order to preserve noncovalent 
interactions on the LCT, the following in-
strument parameters were used: capil-
lary voltage 1.5 kV, cone gas 100 L/h, 
sample cone 140 V, extractor cone 8 V, 
ion transfer stage pressure 8.0 x 10-3 
mbar, ToF analyzer pressure 2.0 x 10-6 
mbar. All spectra were calibrated exter-
nally using a solution of cesium iodide, 
and processed with MassLynx software 
(Micromass UK Ltd). The peak series 
arising from the electrospray process 
can be attributed to the different num-
bers of protons attached to the molec-
ular ion. This phenomenon is used to 
calculate the molecular mass of the pro-
tein using the formula Mr = (m/z . z)/z, 
where Mr is the protein mass, m/z is the 
mass to charge ratio from the raw spec-
trum and z is the number of charges.
Chaperone assays
The insulin protection assay 
(Farahbakhsh et al. 1995) using unfold-
ing insulin as a substrate was used to 
determine chaperone-like activity under 
reducing conditions. Different amounts 
of sHsps were incubated with 3 mg DTT 
at 42.5°C for 5 minutes in a phosphate 
buffer (100 mM Na2SO4, 20 mM sodium 
phosphate buffer, pH 6.9). After addi-
tion of insulin (Sigma) to a final concen-
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Figure 2. CBB stained pattern of reduced and 
non-reduced wild type Tsp36 (lanes 1-4) and 
Tsp36C→R (lanes 5-6) after gradient SDS-
PAGE. 20 μg of wild type Tsp36 was heated for 
5 minutes at 98°C in sample buffer (50 mM Tris-
HCl pH 6.8, 10% glycerol, 2% SDS and 0.2% 
bromophenolblue) in the presence (lane 1) or 
absence (lanes 2-4) of 5% β-mercapto-ethanol 
before loading on a 6 to 15% gradient acryla-
mide gel. Prior to heating, the samples in lanes 
3 and 4 were incubated for 1 hour at 37°C in the 
presence of 1 mM DTT, and the sample in lane 
4 an additional 1.5 hour in the presence of 5 
mM H2O2. Lanes 5 and 6 are reduced and non-
reduced Tsp36C→R, equivalent to wild type 
Tsp36 in lanes 1 and 2.
tration of 250 μg/ml and a total volume 
of 1 ml the turbidity was measured at 
360 nm for 15 minutes at 42.5°C in a 
Lambda 2 UV/VIS spectrophotometer.
To study chaperone-like activities 
under non-reducing conditions, the cit-
rate synthase assay (Ehrnsperger et al. 
1997b) as modified by Santhoshkumar 
and Sharma (2001) was performed. 
Different amounts of sHsps were incu-
bated at 43°C for 5 minutes in 40 mM 
Hepes-KOH buffer pH 7.5. After adding 
77 μg citrate synthase to a total volume 
of 1 ml the heat induced denaturation of 
the substrate was followed at 43°C by 
measuring the turbidity at 360 nm for 45 
minutes in a Lambda 2 UV/VIS spectro-
photometer.
Results
Sequence, secondary structure 
prediction and gene structure of 
Tsp36
The deduced amino acid sequence 
of Tsp36 is aligned in Figure 1 with 
its known orthologs from other platy-
helminths. Tsp36 is very similar to p36 
of T. solium and E. multilocularis, and 
more different, especially in its N-ter-
minal region, from S. mansoni p40 and 
p40-2, and P. westermani p36. Overall 
sequence identities are 97%, 87%, 
33%, 31% and 35%, respectively. This 
agrees with the grouping of the five 
species in two different platyhelminth 
classes, cestoda for the first three, and 
trematoda for the last two. The location 
of the two α-crystallin domains is high-
lighted in Figure 1 by alignment with the 
α-crystallin domain of human αB-crys-
tallin. Structural conservation of the two 
α-crystallin domains in the platyhelminth 
sHsps is evident from their predicted 
secondary structures, as indicated in 
Figure 1. Four of the eight β-strands 
(β2-β9) that form the β-sandwich in the 
crystal structures of the α-crystallin do-
main of M. jannaschii Hsp16.5 and T. 
aestivum Hsp16.9 (Kim et al. 1998a; 
van Montfort et al. 2001) are predict-
ed at corresponding positions in both 
domains: β3, β4, β5 and β9. The β2 
strand is additionally recognized in the 
second domain. The other strands are 
not predicted, but it has been noted that 
in animal sHsps the loop containing a 
putative β6 strand is relatively short 
(van Montfort et al. 2002).
Both MjHsp16.5 and TaHsp16.9 
have an additional strand, β10, in their 
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C-terminal extensions. Such a C-ter-
minal extension, normally ranging in 
length between about 12 and 44 resi-
dues in other sHsps (de Jong et al. 
1998; Narberhaus 2002; Kappé et al. 
2003), is essentially lacking after the 
second α-crystallin domain of Tsp36. 
Interestingly, though, a β-strand is pre-
dicted (indicated as “β10” in Figure 1) 
in the connecting peptide between the 
two α-crystallin domains of Tsp36 in a 
sequence (KGLAI, positions 229-233 in 
Figure 1) which resembles the consen-
sus sequence basic-x-I-x-I/V of the β10 
strand (van Montfort et al. 2002). The N-
terminal region preceeding the first α-
crystallin domain of the flatworm sHsps 
is predicted to have various α-helices. 
Helices are also present in the N-termi-
nal domain of TaHsp16.9 (van Montfort 
et al. 2001), and have been predicted 
for many other sHsps (van Montfort et 
al. 2001; Kappé et al. 2002), despite the 
variation in sequence and length of their 
N-terminal regions, and their presence 
may relate to required flexibility for oli-
gomerization and substrate binding (van 
Montfort et al. 2002).
The presence of two α-crystallin do-
mains is most likely the result of an an-
cient intragenic tandem duplication in 
the last common ancestral gene of the 
platyhelminth sHsps. Since then exten-
sive divergence has occurred, leaving 
only 30% sequence identity between 
the two α-crystallin domains of Tsp36. 
Exon duplication is a common mecha-
nism to generate domain duplications in 
a protein, and is often still reflected by 
the intron positions in the correspond-
ing gene. We therefore sequenced the 
complete Tsp36 gene. Four introns 
were found, as indicated by arrowheads 
in Figure 1, with lengths of 82, 138, 47 
and 45 bp, respectively. The first three 
introns are phase 0 (between two co-
dons), and the fourth phase 1 (between 
the first and second nucleotide of the 
codon). Positions and phases of the in-
trons cannot readily be related to a pos-
sible exon duplication. However, traces 
of such an event in the ancestral gene 
may have been obliterated by later re-
moval, insertion or sliding of introns.
Wild type Tsp36 is present as mono-
mers and oligomers, and Tsp36C→R 
only as monomers in non-reducing 
SDS-PAGE
The mass of purified wild type 
Tsp36, as determined by nano-ESI-MS, 
was 35,446 Da (data not shown). This 
corresponds well with the calculated 
monomeric mass of 35,441 Da, with-
out the initiation methionine. On gradi-
ent SDS-PAGE, wild type Tsp36 shows 
a single approximately 37-kDa band un-
der reducing conditions (Figure 2, lane 
1). Remarkably, though, without prior 
reduction a large amount of Tsp36 mi-
grated as a higher molecular weight 
band, estimated as about 121 kDa, and 
thus apparently corresponding with a 
trimer or a tetramer (theoretical sizes 
106 and 142 kDa, respectively) (Figure 
2, lane 2). This oligomer could be disso-
ciated into the monomer by incubation 
with DTT, and reverted again into the 
oligomer by oxidation (Figure 2, lanes 
3 and 4, respectively). Oligomerization 
thus is a reversible feature of the native 
protein. Tsp36 contains only a single 
cysteine, located in the first α-crystal-
lin domain (Figure 1, alignment posi-
tion 175). Formation of a disulfide bond 
between this cysteine in two monomers 
can in itself not explain the formation 
of a tri- or tetramer. From the fact that 
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no dimers are visible in Figure 2, lanes 
2 and 4, nor under stronger dissociat-
ing conditions (using thiourea instead 
of SDS in the sample buffer), we must 
conclude that the disulfide bond stabiliz-
es the oligomeric structure of wild type 
Tsp36 in such a manner that it resists 
the dissociation by SDS into dimers.
To confirm the involvement of the sin-
gle cysteine of Tsp36 in the formation of 
higher oligomers on non-reducing SDS-
PAGE, we made the mutant Tsp36C→
R. Cys was replaced by Arg because 
this latter residue is present at the cor-
responding position in E. multilocularis 
p36, which is otherwise highly similar 
in sequence to Tsp36 and completely 
devoid of Cys. No higher oligomers are 
seen in Tsp36C→R in a non-reducing 
environment (Figure 2, lane 6).
Native Tsp36 forms dimers and te-
tramers depending on reduction 
state and presence of the single 
cysteine
An initial estimate of the complex 
size of wild type Tsp36 under reduc-
ing and non-reducing conditions was 
obtained by gel permeation chromatog-
raphy on a Superose 6 column. In the 
absence of DTT, Tsp36 eluted with a 
main peak at 144 kDa, corresponding 
well with the expected value of 142 kDa 
for a tetramer (Figure 3A). This peak 
was preceded by a higher molecular 
weight slope. When Tsp36 was incubat-
ed with DTT for 15 minutes at 37°C be-
fore loading, and eluted in the presence 
of DTT, the peak became sharper and 
shifted to 87 kDa, in between the size 
of a dimer (71 kDa) and a trimer (106 
kDa). αB-crystallin eluted as a complex 
of 541 kDa, in agreement with reported 
values (Horwitz 2003), irrespective of 
the presence of DTT. Gel permeation 
chromatography of wild type Tsp36 on 
a Superdex 75 column in the presence 
of DTT yielded a peak corresponding to 
69 kDa (Figure 3B), which is close to 
Figure 3. Estimation of the complex size of 
Tsp36, Tsp36C→R and αB-crystallin by gel 
permeation chromatography at room tempera-
ture using a Superose 6 (A) and a Superdex 75 
column (B). 500 μl of a 1 mg/ml Tsp36 or αB-
crystallin sample was loaded on a Superose 6 
column and eluted in the absence or presence 
of 1 mM DTT. On the Superdex 75 column 200 
μl of a 1.25 mg/ml Tsp36 or Tsp36C→R sample 
was loaded and eluted in the absence or pres-
ence of 1 mM DTT.
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the expected 71 kDa of a dimer. In the 
absence of DTT a peak above 100-kDa 
is obtained (Figure 3B), of which the 
mass could however not be measured, 
falling outside the fractionation range of 
the Superdex 75 column. On this same 
column, Tsp36C→R also eluted as a 
69-kDa peak, both in the absence and 
presence of DTT (Figure 3B), confirm-
ing again that oxidation of the single 
Cys in Tsp36 is required for the higher 
oligomer formation.
To determine more accurately the 
change in native mass accompanying 
the reduction of wild type Tsp36, we 
performed mass spectroscopy (nano-
ESI-MS) under conditions which leave 
non-covalent bonds intact (Sobott et 
al. 2002; Aquilina et al. 2003). Figure 
4 shows mass spectra of wild type 
Tsp36 in the absence (A) or presence 
(B) of 1 mM DTT. Prior to the addition 
of DTT, Tsp36 had a charge state distri-
bution (CSD) centered around m/z 5800 
(Figure 4A, left panel). From this CSD a 
mass of 142,376 Da was calculated, as 
indicated in the spectrum transformed 
to a mass scale (Figure 4A, right pan-
el). This mass corresponds well with the 
expected value of 141,764 Da for a te-
trameric Tsp36, taking into account the 
trapping of water and buffer molecules. 
The addition of DTT to the sample re-
sulted in a reduction in the number of 
charges and a shift of the CSD to a low-
er m/z range, centred around m/z 4500 
(Figure 4B, left panel). The molecular 
weight calculated from the major charge 
Figure 4. Determination of the complex size of wild type Tsp36 by mass spectroscopy in the absence 
(A) and presence (B) of 1 mM DTT. Left panels, mass-to-charge (m/z) scale; right panels, spectra trans-
formed  to mass scale. Charge state distribution (CSD) centers around m/z 5800 in panel A and around 
m/z 4500 in panel B. The numbers of charges on these peaks are indicated. In panel A, minor peaks 
around m/z 4500 are due to dimeric Tsp36, whereas peaks at m/z 7000 and m/z 8000 are the result 
of non-specific association into hexamers and octamers, respectively. In panel B, peaks arising from a 
small amount of tetramer are present. In both spectra, peaks from a contaminant are visible between 
m/z 3000 and 4000.
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state series indicated was 71,045 Da 
(Figure 4B, right panel), which corre-
sponds well with the calculated mass of 
a dimer (70,882 Da).
Far-UV circular dichroism spectros-
copy
Far-UV circular dichroism spec-
troscopy was used to check the effect 
of reduction on the folding of Tsp36, 
and compare its secondary structure 
contents with that of Tsp36C→R and 
αB-crystallin (Figure 5). Our spectra of 
αB-crystallin are comparable to those 
reported previously (Sun et al. 1997; 
Abgar et al. 2000), reflecting its high β-
sheet content. The overall shape of the 
spectra for Tsp36 and its mutant is simi-
lar to those of αB-crystallin, although 
the signal is stronger (probably because 
of the higher secondary structure con-
tent) and has a more distinct minimum 
at 208 nm. Prior incubation of all three 
proteins with DTT did not significantly 
Figure 5. Far-UV circular dichroism spectra of 
Tsp36 (squares), Tsp36C→R (diamonds) and 
αB-crystallin (circles) in the presence or ab-
sence of 1 mM DTT. Protein concentration was 
280 μg/ml. Spectra were smoothed by a moving 
average of five data points.
alter the spectra, and thus their second-
ary structures.
Tetrameric Tsp36 is a better chape-
rone than the dimeric form
The chaperoning capacity of wild 
type and mutant Tsp36 was initially test-
ed in the insulin assay, in which it is de-
termined whether a protein can prevent 
the reduction-induced aggregation of in-
sulin (Farahbakhsh et al. 1995). In this 
assay both wild type and mutant Tsp36 
were as effective on a monomeric molar 
basis as αB-crystallin, which is known 
to be a potent chaperone (Figure 6A). 
At a molar ratio of 1:60 over insulin, all 
three proteins reduce the aggregation of 
insulin by about a half. Increasing the 
ratio to 1:15 almost completely abol-
ishes the precipitation of insulin. These 
findings indicate that the C→R mutation 
does not affect the chaperone-like activ-
ity of Tsp36.
Since the insulin assay is performed 
in the presence of DTT, it can only 
measure the chaperone-like activity of 
the Tsp36 dimers. To determine also the 
activity of the Tsp36 tetramers, which 
must occur under non-reducing condi-
tions, the citrate synthase (CS) assay 
(Ehrnsperger et al. 1997b) was used. In 
this assay the protection of the aggrega-
tion of CS at 43°C was monitored in the 
presence of wild type Tsp36, Tsp36C→
R and αB-crystallin (Figure 6B). The 
comparison of wild type Tsp36, as-
sumed to be tetrameric under these 
conditions, and the dimeric Tsp36C→
R would allow to distinguish between 
the chaperoning capacity of these two 
oligomeric forms. The protection of CS 
by wild type Tsp36 (Figure 6B, squares) 
is comparable on a monomeric molar 
basis to the protective capacity of αB-
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Figure 6. Chaperone-like activity of Tsp36, 
Tsp36C→R and αB-crystallin towards unfolding 
insulin (A) or citrate synthase (B). DTT-induced 
aggregation of 43 μM insulin (250 μg) at 42.5°C 
was measured at 360 nm for insulin alone (♦), 
at a 15:1 molar ratio of insulin:Tsp36 (■), insu-
lin:Tsp36C→R (▲) and insulin:αB-crystallin (●), 
and at a 60:1 molar ratio of insulin:Tsp36 (□), 
insulin:Tsp36C→R (∆) and insulin:αB-crystallin 
(○). Heat induced aggregation of 1.5 μM citrate 
synthase (CS, 77 μg) at 43°C was measured at 
360 nm for citrate synthase alone (♦), at a 1:2.5 
molar ratio of  CS:Tsp36 (□), CS:Tsp36C→R (Δ), 
and CS:αB-crystallin (○), at a 1:5 molar ratio of 
CS:Tsp36 (■), CS:Tsp36C→R (▲), and CS:αB-
crystallin (●). Molar ratios are calculated using 
the monomeric mass of Tsp36 and Tsp36C→R 
(35 kDa).
Tsp36C→R (Figure 6B, triangles). This 
suggests that the tetrameric form of wild 
type Tsp36 has a higher chaperoning 
capacity than the dimers of Tsp36C→
R.
However, both the insulin and citrate 
synthase assay are performed at tem-
peratures above 40°C. Since the oligo-
meric state of various sHsps is sensitive 
to temperature, we wondered wheth-
er wild type Tsp36 remains in the tet-
rameric form at increased temperature. 
We therefore performed gel permeation 
chromatography of wild type and mutant 
Tsp36 using the Superdex 75 column at 
Figure 7. Estimation of the complex size of 
Tsp36 and Tsp36C→R by gel permeation chro-
matography at 43°C using a Superdex 75 col-
umn. 200 μl of 1 mg/ml protein  solutions were 
loaded onto the column and Tsp36 was eluted 
in the presence and absence of  1 mM DTT. 
Tsp36C→R was only eluted in the absence of 
DTT. Peak fractions of non-reduced Tsp36 were 
separated on non-reducing gradient SDS-PAGE 
to visualize the presence of monomers and di-
sulfide-stabilized tetramers (panel). The gel per-
meation chromatography traces are aligned with 
the SDS-PAGE lanes.
crystallin (Figure 6B, circles), but con-
siderably higher than the protection by 
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43°C. Figure 7 reveals that at this tem-
perature and in the absence of DTT part 
of the wild type Tsp36 tetramers be-
comes indeed reorganised and forms 
dimers. No monomeric peak could be 
detected for both wild type and mutant 
Tsp36. Non-reducing gradient SDS-
PAGE (Figure 7, lower panel) shows that 
the dimer peak is composed of non-di-
sulfide-bonded Tsp36 monomers, while 
the tetramer peak consists of disulfide-
stabilized tetramers. Comparison with 
the elution pattern of non-reduced wild 
type Tsp36 at room temperature (Figure 
3B) thus demonstrates that the non-di-
sulfide-bonded Tsp36 fraction disso-
ciates as dimers from the tetrameric 
complex at higher temperature.
Since wild type and mutant Tsp36 
are both dimeric and equally active in 
the insulin assay, while wild type Tsp36 
is in part tetrameric and more active 
than Tsp36C→R in the CS assay, it can 
be concluded that the tetrameric confor-
mation of Tsp36 is a better chaperone 
than the dimeric form.
Discussion
Our most striking findings are that 
wild type Tsp36, depending on the re-
duction status, forms dimers or tetram-
ers (Figures 3 and 4), the latter being 
stabilized by a disulfide bond (Figure 2), 
and that the tetrameric form is a better 
chaperone than the dimer (Figure 6B). 
A maximum complex size of four subu-
nits, or eight α-crystallin domains in the 
case of Tsp36, is exceptional amongst 
sHsps. Only the C. elegans Hsp12 pro-
teins are known to form at most tetram-
ers (Leroux et al. 1997; Kokke et al. 
1998; van Montfort et al. 2002). Other 
sHsps that are found as dimers and/or 
tetramers are in equilibrium with larg-
er oligomers, like 470 kDa complex-
es for rat Hsp20 (van de Klundert et 
al. 1998),  400 kDa for murine Hsp25 
(Ehrnsperger et al. 1999), and 550 kDa 
for S. cerevisiae Hsp26 (Haslbeck et al. 
1999).
The fact that a disulfide can form 
between the first α-crystallin domains 
of two Tsp36 monomers indicates that 
these domains are in close proximity in 
the tetrameric configuration. Studying 
interactions between the separate α-
crystallin domains of Tsp36 in the yeast 
two-hybrid system, we also observed in-
teractions between first domains, as well 
as between first and second domains, 
but not between second domains (G.K. 
and W.B., unpublished data). The find-
ing that even after reoxidation a large 
amount of non-crosslinked monomers 
remains (Figure 2, lane 4) indicates that 
not all cysteines in the native tetramer 
complex (Figure 3) can be readily in-
volved in disulfide formation, and that 
other residues of the first α-crystallin 
domains are also important for tetramer 
formation.
Intersubunit disulfide bridges have 
also been found between the single 
cysteines present in human and rat 
Hsp20 (Kato et al. 1994; van de Klundert 
et al. 1998) and in murine Hsp25 
(Zavialov et al. 1998). Importantly, in 
these cases it has been shown that the 
disulfide bridges can occur intracellu-
larly. In contrast to Tsp36, the oligomer 
size of Hsp25 is not affected by reduc-
tion. Also, for human Hsp27 there is 
evidence that its cysteine is subjected 
to reversible oxidation by S-thiolation 
(Eaton et al. 2002). In other stress-relat-
ed proteins, i.c. the oxidative stress tran-
scription factors Yap1 and OxyR (Zheng 
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et al. 1998; Delaunay et al. 2002), the 
molecular chaperone Hsp33 (Jakob 
et al. 1999) and the heat shock factor 
1 (Ahn and Thiele 2003), the forma-
tion of disulfide bonds induced by oxi-
dative stress appears to be a strategy 
to adjust protein activity. One wonders 
whether the occurrence of reversible di-
sulfide formation in various sHsps might 
be a functionally important feature, too. 
Since the position of the cysteine resi-
dues is not conserved between the dif-
ferent sHsps, such a putative function 
might be specific for every sHsp.
A C-terminal extension with an in-
tact I-x-I/V motif is thought to play an 
important role in the oligomerization of 
sHsps, both within and between dimers 
(Kim et al. 1998a; van Montfort et al. 
2001; van Montfort et al. 2002), and 
may also be involved in the regulation of 
substrate binding by interacting with a 
hydrophobic groove in the α-crystallin 
domain (van Montfort et al. 2001). It is 
therefore noteworthy that in Tsp36, 
which does form dimers and tetramers, 
a C-terminal extension is lacking. It 
might be possible that in Tsp36 the con-
necting peptide between the two do-
mains takes over the function of the 
C-terminal extension in this respect, 
considering that the connecting peptide 
is predicted to contain a β-strand (“β10” 
in Figure 1) which resembles in se-
quence and location - relative to the first 
domain - the β10 strand in the extension 
of other sHsps (de Jong et al. 1998; van 
Montfort et al. 2002; Studer et al. 2002). 
The fact that the sequence following 
this β10-like strand comprises the im-
munodominant epitope in S. mansoni 
p40 (Figure 1, positions 236-248) 
(Hernandez and Stadecker 1999) may 
suggest that this region is surface ex-
posed and available for intersubunit 
contacts in Tsp36.
It is generally agreed that subunit 
exchange, rearrangements and desta-
bilization of the quaternary structure are 
essential for effective binding of non-na-
tive substrate proteins by sHsps (Bova 
et al. 2002; Sobott et al. 2002; Putilina 
et al. 2003). Our finding that the tetra-
meric form of Tsp36 is a better chaper-
one than the dimeric form indicates that 
the potential of the tetramer to dissoci-
ate reversibly into dimers enhances the 
chaperoning capacity. The fact that the 
equilibrium between dimers and tetram-
ers is sensitive for temperature, and 
probably for other conditions such as 
pH and concentration as well, makes 
it suitable for modulating chaperone-
like activity. It is interesting to note that 
the presence of disulfide-bonded mon-
omers is apparently required to enable 
the formation and stabilization of tetram-
ers, yet making it a better chaperone.
It is clear that Tsp36 differs in im-
portant aspects from the other known 
sHsps, notably concerning its redox 
state dependant complex size in rela-
tion to its chaperone-like activity. Tsp36 
is therefore an interesting tool for broad-
ening and improving our understanding 
of the functional and structural diversity 
of the sHsps.
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6 Subunit exchange and domain swapping of αB-crystallin and Hsp20 reveal importance of N-terminal region for oligo-merization, heat stability and chaperone-like properties
Two of the most diverse human small heat shock proteins (sHsps) 
are αB-crystallin and Hsp20. αB-crystallin forms approximately 600-
kDa oligomers, is highly resistant to heat precipitation, and is a good 
chaperone. Hsp20 forms dimeric and oligomeric complexes, depending 
on protein concentration, has a low resistance to heat precipitation, 
and is a poorer chaperone. Their tissue distributions overlap, both 
being prominent in various types of  muscle cells. αB-crystallin and 
Hsp20 can occur in mixed complexes, together with Hsp27. We here 
report that incubating recombinant Hsp20 with increasing proportions 
of αB-crystallin resulted in a decrease and eventual disappearance of 
the dimeric form of Hsp20, and in the concomitant formation of hetero-
oligomeric complexes with masses that increased with the αB-crystallin/
Hsp20 ratio. Chaperone-like activity and stability to heat precipitation 
increased accordingly. To assess the contributions of N- and C-terminal 
domains to the distinctive properties of αB-crystallin and Hsp20, we 
constructed chimeric mutants. Mutant N(αB)C(Hsp20) was identical to 
αB-crystallin with respect to complex size, chaperone-like activity and 
heat stability. The reciprocal mutant N(Hsp20)C(αB) formed dimeric and 
oligomeric complexes, with heat stability and chaperone-like activity 
intermediate between αB-crystallin and Hsp20. These results indicate 
a dominant role for the N-terminal region of these sHsps in complex 
formation, and a modulating effect on chaperone-like activity and heat-
stability.
Introduction
The small heat shock proteins 
(sHsps) function in cellular protec-
tion and homeostasis in almost all or-
ganisms (Haslbeck 2002; Narberhaus 
2002; van Montfort et al. 2002; Arrigo 
A.P. and Müller W.E.G. 2003). The 
sHsps are characterized by the pres-
ence of a so-called α-crystallin do-
main, a conserved sequence of about 
80 residues, which forms an IgG-like 
β-sandwich fold (Kim et al. 1998a; van 
Montfort et al. 2001). The α-crystallin 
domain is located in the C-terminal part 
of the monomer and is flanked by an N-
terminal region, which is variable in se-
quence and length, and generally has a 
short and variable C-terminal extension. 
Almost all sHsps occur as homo- or het-
ero-oligomeric complexes, composed 
of 2 to more than 50 monomers. The 
complexes are often polydisperse and 
dynamic, freely exchanging subunits 
(van den Oetelaar et al. 1990; Bova et 
al. 1997; Bova et al. 2002). 
Most sHsps have the in vitro ability 
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to bind unfolding proteins and thus pre-
vent their aggregation (Horwitz 1992; 
Jakob et al. 1993; Haslbeck 2002). The 
sHsps apparently have no substrate 
specificities, and binding seems to be 
cooperative, resulting in formation of 
large and uniform sHsp-substrate com-
plexes (Stromer et al. 2003). The chap-
erone-like activity of sHsps involves 
changes in oligomerization (Giese and 
Vierling 2002) which can be tempera-
ture-dependent (Haslbeck et al. 1999). 
Various regions and residues have 
been implicated in substrate interaction 
(Farahbakhsh et al. 1995; Chang et al. 
1996; Sharma et al. 1998; Muchowski et 
al. 1999; Sharma et al. 2000; Derham et 
al. 2001; Pasta et al. 2002), but the ac-
tual chaperoning mechanisms remain 
poorly understood. 
The human genome encodes ten 
different sHsps, known under vari-
ous names, but formally indicated as 
HspB1-10 (Fontaine et al. 2003; Kappé 
et al. 2003). They are quite different in 
sequence (amino acid identities rang-
ing from 45 to 88%), and display - as 
far as studied - a considerable varie-
ty in structural and functional features. 
Most of the human sHsps occur at low 
levels in many different cell types, but 
are most typically expressed in vari-
ous muscle tissues (Sugiyama et al. 
2000; Kappé et al. 2001). The variety of 
sHsps occurring in the same cell, and 
often forming mixed complexes, raises 
questions about their possible synergy 
and complementarity in function. To ap-
proach these questions, we here focus 
on αB-crystallin (or HspB5) and Hsp20 
(HspB6), which differ in important re-
spects. They generally occur in het-
ero-oligomeric complexes, which also 
comprise Hsp27 (HspB1) (Zantema et al. 
1992; Kato et al. 1994; Sugiyama et al. 
2000; Pipkin et al. 2003). Recombinant 
human αB-crystallin forms heterogene-
ous oligomers of around 600 kDa, is 
highly resistant to heat, and is an excel-
lent in vitro chaperone (Muchowski et al. 
1997; Sun et al. 1997; Liang et al. 2000; 
Horwitz 2003). Recombinant rat Hsp20 
has been reported to form dimeric and 
470-kDa complexes, with low heat sta-
bility and poor chaperone activity (van 
de Klundert et al. 1998), but masses of 
28-60 kDa and good chaperone activity 
have recently been reported for human 
Hsp20 (Bukach et al. 2004). The two 
sHsps are implicated in different phys-
iological processes. While αB-crystal-
lin is best known for its involvement in 
cytoskeletal rearrangements (Head et 
al. 2000; Wieske et al. 2001; Quinlan 
2002) and apoptosis (Kamradt et al. 
2002; Morrison et al. 2003), Hsp20 
has especially been characterized as a 
regulator of smooth muscle contraction 
(Brophy et al. 1999a; Wang et al. 1999; 
Flynn et al. 2003; Pipkin et al. 2003; 
Rembold and Kaufman 2003; Woodrum 
et al. 2003), but is also implicated in ap-
optosis (Fan et al. 2004). Interestingly, 
both αB-crystallin and Hsp20 have 
been reported to suppress platelet ag-
gregation (Kozawa et al. 2001; Kozawa 
et al. 2002; Matsuno et al. 2003).
Whereas purified native and recom-
binant αB-crystallin has extensively 
been characterized in numerous pa-
pers (for review see Horwitz 2003) there 
are only three such studies for Hsp20, 
which are moreover in part contradic-
tory (Kato et al. 1994; van de Klundert 
et al. 1998; Bukach et al. 2004). To 
contribute to a further characterization 
of Hsp20, we here report the effects 
of mixing recombinant Hsp20 and αB-
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crystallin on oligomerization, heat sta-
bility and chaperone-like capacity. We 
additionally constructed and analyzed 
domain-swapped chimeras to relate the 
structural and functional differences be-
tween Hsp20 and αB-crystallin to their 
respective domains.
Materials and methods
Construction and cloning of cDNAs 
The construction of wild type hu-
man αB-crystallin and rat Hsp20 clones 
has been described before (van de 
Klundert et al. 1998; Muchowski et al. 
1999). To construct the swap mutant 
N(αB)C(Hsp20), the N-terminal do-
main of αB-crystallin and the C-termi-
nal domain of Hsp20 were separately 
amplified and subsequently combined. 
The N-terminal αB-crystallin domain 
was amplified with the forward primer 
5’-CCCATGGACATAGCCATCCACCAC-
CCC-3’ (NcoI-site underlined) and the 
reverse linker primer 5’-AAAATATCCA
GGGTCCGTGGGCACCTCTGAGAGT
CCAGTGTCAATCCA-3’ (Hsp20 C-ter-
minal domain linker underlined; bases 
in bold mutated to prevent primer loop 
formation). The C-terminal Hsp20 do-
main was amplified with the forward 
linker primer 5’-TGGATTGACACTGG
ACTCTCAGAGGTGCCCACGGACCC
TGGATATTTT-3’ (αB-crystallin N-ter-
minal domain linker underlined; bases 
in bold mutated to prevent primer loop 
formation) and the reverse primer 5’-
AGGAATTCCTTACTTGGCAGCAGG-
TGGTGACGGAAG-3’ (EcoRI-site 
underlined). Using the products of these 
amplifications as templates and prim-
ers, together with the N-terminal αB-
crystallin forward primer and the Hsp20 
C-terminal reverse primer, the chimer-
ic construct N(αB)C(Hsp20) was then 
obtained. To construct the recipro-
cal swap mutant N(Hsp20)C(αB) the 
Hsp20 N-terminal domain was ampli-
fied with the forward primer 5’-TTCG
GCACGAGGCACCATGGAGATC-3’ 
(NcoI-site underlined) and the reverse 
linker primer 5’-GAACCTGTCCTTCTC
CATACGCATCTGAGCTGTTGGTAACG
CCACACT-3’ (αB-crystallin C-terminal 
domain linker underlined; bases in bold 
mutated to prevent primer loop forma-
tion), and the αB-crystallin C-terminal 
domain with the forward linker primer 
5’-AGTGTGGCGTTACCAACAGCTCAG
ATGCGTATGGAGAAGGACAGGTTC-
3’ (Hsp20 N-terminal linker underlined; 
bases in bold mutated to prevent primer 
loop formation) and the reverse primer 
5’-AGGAATTCCTTACTTCTTAGGGGC-
TGCAGTGACAGC-3’ (EcoRI-site un-
derlined). The products were joined by 
subsequent amplification in the pres-
ence of the N-terminal αB-crystallin 
forward primer and C-terminal Hsp20 
reverse primer. The final constructs 
were ligated into the NcoI/EcoRI sites 
of the pET3d vector (Novagen) and 
checked for errors by sequencing.
Expression and purification of re-
combinant proteins   
The chimeric mutants were trans-
formed in E. coli BL21(DE3)pLysS cells. 
Induction and fractionation of the lysed 
cells was performed as described earli-
er (Smulders et al. 1996). Recombinant 
chimeric proteins, predominantly 
present in the bacterial pellet, were 
isolated using DE52 ion exchange 
chromatography (Whatman) under de-
naturating conditions (Smulders et al. 
1996). Fractions containing pure re-
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combinant proteins were pooled, dia-
lyzed against demineralized water and 
lyophilized. 
Wild type human αB-crystallin and 
rat Hsp20 were transformed in BL21 ro-
setta cells (Invitrogen). Expression of 
proteins was induced by 0.4 mM IPTG 
for 3h at 37°C. Cells were spun down, 
resuspended in 20 ml GET buffer pH 
8.0 (25 mM Tris-HCl, 2 mM EDTA, 50 
mM glucose) with one protease inhibi-
tor cocktail tablet (Roche), and lysed 
by sonification. In the case of αB-crys-
tallin, 5% polyethyleneimine (PEI) was 
slowly added to the soluble fraction to 
a final concentration of 0.12%, and in-
cubated for 10 minutes at room tem-
perature. αB-Crystallin and Hsp20 were 
purified from the soluble fraction of the 
PEI precipitation and the cell lysate, 
respectively, by ion exchange chro-
matography using a fast flow DEAE 
sepharose and a Source15Q HR 16/
10 column (Amersham Pharmacia 
Biotech), and a Superose 6 HR 10/
30 gel permeation column (Amersham 
Pharmacia Biotech). The soluble frac-
tions of αB-crystallin and Hsp20 were 
dialyzed against 25 mM Tris-HCl and 2 
mM EDTA at pH 8.5 and pH 7.0 respec-
tively, and purified over the DEAE and 
Source15Q columns in the same buff-
ers at room temperature using a gradi-
ent from 0 to 1 M NaCl.  The gel filtration 
chromatography was performed in 25 
mM bis-Tris, 2 mM EDTA and 150 mM 
NaCl at room temperature and a flow-
rate of 0.5 ml/min. In between the dif-
ferent chromatography steps changing 
of buffer was achieved using a Hiprep 
16/10 desalting column (Amersham 
Pharmacia Biotech). Aliquots of the pu-
rified proteins were frozen and stored at 
-20°C.
Reconstitution of recombinant pro-
teins  
For direct comparison of chimeric 
and wild type sHsps, all proteins were 
refolded under identical conditions to 
exclude isolation artifacts. Three mg of 
protein was dissolved in 1 ml of phos-
phate buffer pH 6.9 (100 mM Na2SO4, 
20 mM sodium phosphate, 0.02% β-
mercaptoethanol) containing 6 M urea. 
Samples were incubated for 45 min-
utes at room temperature and dialyzed 
against phosphate buffer without β-mer-
captoethanol and urea.
Complex size determination by gel 
permeation chromatography   
The complex size of reconstitut-
ed proteins was determined using a 
Superose 6 HR 10/30 (Amersham 
Pharmacia Biotech) prepacked gel per-
meation column connected to an LKB 
Bromma HPLC system. The mobile 
phase was chaperone buffer (100 mM 
Na2SO4, 20 mM sodium phosphate, 
pH 6.9) at a flow rate of 0.5 ml/min. 
Reconstituted proteins were applied in 
concentrations ranging from 0.05 to 1 
mg/ml.  
The complex size of non-reconsti-
tuted αB-crystallin and Hsp20 homo- 
and hetero-oligomers were determined 
using a Superose 6 HR 10/30 column 
connected to an Äkta explorer 100 
(Amersham Pharmacia Biotech) at a 
flow rate of  0.5 ml/min in chaperone 
buffer. Hetero-oligomers were formed 
overnight at 37°C using different αB-
crystallin to Hsp20 molar ratios. Before 
bringing αB-crystallin and Hsp20 to-
gether, homo-oligomers of αB-crystallin 
and Hsp20 were incubated for 2 hours at 
37°C in chaperone buffer to prevent that 
differences in equilibrium of the polydis-
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Figure 1. Complex size (A) and subunit compo-
sition (B) of αB-crystallin and Hsp20 homo- and 
hetero-oligomers. Twenty nmol of αB-crystallin, 
αB-crystallin/Hsp20 (αB:p20 at molar ratios of 
3:1, 1:1 and 1:3), and Hsp20 were analysed by 
gel permeation chromatography on a Superose 
6 HR 10/30 column. Peak fractions were ana-
lysed by SDS-PAGE (B) and are shown aligned 
under the gel filtration chromatography curves.
perse homo-oligomers could influence 
the formation of the hetero-oligomers. 
Preliminary experiments showed that 
when αB-crystallin and Hsp20 were 
mixed at a 1:1 ratio directly before gel 
filtration, or mixed and incubated over-
night at 4°C, no noticeable subunit ex-
change occurred, and complexes eluted 
at the volumes as found for the separate 
homo-oligomers. After overnight incu-
bation at 37°C, subunit exchange was 
complete and equilibrium reached, as 
judged from the fact that longer incuba-
tion did not result in further changes in 
elution volume of the hetero-oligomer 
(data not shown).
Temperature-induced precipitation 
of recombinant proteins
Precipitation characteristics of sHsps 
in solution were determined by gradual-
ly increasing the temperature from 35°C 
to 65°C over a period of 50 minutes, and 
measuring the absorption at 365 nm in 
a Lambda 2 UV/VIS spectrophotometer 
(Perkin-Elmer). Reconstituted sHsps 
(100 μg/ml) were assayed in chaperone 
buffer (100 mM Na2SO4, 20 mM sodium 
phosphate, pH 6.9) and αB-crystallin/
Hsp20 hetero-oligomers (250 μg/ml) in 
10 mM potassium phosphate buffer, pH 
7.5. 
Insulin chaperone assay   
Chaperone-like activity of sHsps 
was determined with the insulin protec-
tion assay (Farahbakhsh et al. 1995). 
Different amounts of sHsps were incu-
bated with 250 μg of bovine pancreas 
insulin (Sigma) at 41°C for 5 min, in a to-
tal volume of 0.98 ml chaperone buffer 
(100 mM Na2SO4, 20 mM sodium phos-
phate, pH 6.9). Denaturation of insulin 
was induced by addition of 20 μl 1 M 
DTT, and the increase in turbidity was 
measured at 360 nm for 15 minutes in a 
Lambda 2 UV/VIS spectrophotometer.
Results
Complex size, heat stability and 
chaperone-like activity of αB-
crystallin/Hsp20 hetero-oligomers  
Recombinant αB-crystallin and 
Hsp20 differ considerably in oligomeri-
zation properties. Since αB-crystal-
lin and Hsp20 naturally occur in mixed 
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complexes, we wanted to know how 
the masses of hetero-oligomers relate 
to the ratio between the two sHsps. 
Hetero-oligomers were obtained by 
spontaneous subunit exchange be-
tween recombinant αB-crystallin and 
Hsp20 homo-oligomers during over-
night incubation at 37°C. Masses were 
estimated by gel permeation chro-
matography. When αB-crystallin and 
Hsp20 were incubated separately, the 
deduced masses were 560 kDa for αB-
crystallin, and 200 and around 40 kDa 
for the two complex forms of Hsp20 
(Figure 1A). The mass of the smaller 
Hsp20 component was more accurate-
ly determined as 32 kDa on a Superdex 
75 column (data not shown), which cor-
responds well with the calculated mass 
of a Hsp20 dimer (35 kDa). When αB-
crystallin and Hsp20 were incubated at 
molar ratios of 3:1, 1:1 or 1:3, the major 
peak eluted successively later, indicat-
ing a concomitant decrease in complex 
size. The peak for the dimer of Hsp20 
was hardly detectable at a 3:1 ratio, but 
became increasingly pronounced at ra-
tios of 1:1 and 1:3. 
SDS-PAGE analysis of the eluted 
fractions (Figure 1B) showed that at an 
αB-crystallin to Hsp20 ratio of 3:1, when 
a dimer peak is absent, the two sHsps 
were homogeneously distributed over 
the symmetric oligomeric peak. This 
indicates that αB-crystallin and Hsp20 
monomers occupy equivalent positions 
in the heteromeric complex. When the 
αB-crystallin to Hsp20 ratio decreased 
to 1:1 and 1:3, the dimeric form of 
Hsp20 appeared in increasing amounts. 
In no instance was αB-crystallin detect-
ed in the dimer peak. It thus appears 
that αB-crystallin and Hsp20 read-
ily form hetero-oligomeric complexes, 
which at a ratio between 3:1 and 1:1 be-
gin to be in equilibrium with the dimeric 
form of Hsp20. 
We previously observed that for 
Hsp20 alone the equilibrium between 
the oligomeric and dimeric forms shift-
ed towards the dimeric form with de-
creasing protein concentrations (van de 
Klundert et al. 1998). To assess wheth-
er this is the case for the αB-crystallin/
Hsp20 hetero-oligomers, too, we per-
formed gel permeation chromatogra-
phy of such mixtures at different protein 
concentrations. When the ratio of αB-
crystallin to Hsp20 is relatively high (2:
1) there is no detectable concentration-
dependent change in the proportion of 
dimeric Hsp20 (Figure 2A). However, at 
a lower αB-crystallin to Hsp20 ratio (1:2) 
the relative amount of dimeric Hsp20 in-
Figure 2. Effect of protein concentration on 
oligomerization of αB-crystallin/Hsp20 mixed 
complexes at ratios (w/w) of 2:1 (A) and 1:2 (B). 
Complex sizes were analysed by loading 0.1, 
0.3, 0.5 and 1.5 mg/ml of protein on a Superose 
6 HR 10/30 gel permeation column.
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creases when the protein concentration 
decreases (Figure 2B). The equilibrium 
between αB-crystallin/Hsp20 hetero-
oligomers and Hsp20 dimers is thus 
dependent both on the ratio of the two 
sHsps and on the protein concentra-
tion, and is likely to be affected by other 
factors (like temperature, pH and ionic 
strength) as well.
While αB-crystallin undergoes 
changes in oligomeric organization, 
but with no detectable protein precipita-
tion up to 70°C (van Boekel et al. 1999; 
Liang et al. 2000), Hsp20 has been de-
scribed as relatively heat-sensitive, pre-
cipitation starting already at 50°C (van 
de Klundert et al. 1998). We determined 
the stability of recombinant αB-crystal-
lin and Hsp20 to precipitation by meas-
uring the light scattering at 360 nm 
with increasing temperature of the so-
lution. This showed that αB-crystallin 
did not precipitate up to at least 68°C 
whereas Hsp20 already started to pre-
cipitate at 51°C (Figure 3), confirming 
the previously reported temperatures. 
Hetero-oligomers with increasing ratios 
of αB-crystallin showed a concomitant 
increase in precipitation temperature, 
starting at 58°C for an αB-crystallin to 
Hsp20 ratio of 1:2, at 62°C for a ratio of 
1:1 and at 65°C for a ratio of 2:1. 
The capacities of αB-crystallin and 
Hsp20 homo- and hetero-oligomers to 
prevent the DTT-induced precipitation 
of insulin at 41°C are shown in Figure 
4. When αB-crystallin and Hsp20 were 
mixed and incubated to form hetero-oli-
gomeric complexes, the chaperone-like 
activity became higher with increasing 
proportions of αB-crystallin. The pre-
viously reported lower chaperone-like 
capacity of Hsp20 compared to αB-
crystallin (van de Klundert et al. 1998) 
could be confirmed.
Complex size, heat stability and 
chaperone-like activity of αB-
crystallin/Hsp20 chimeras  
The above experiments indicate 
that complex size, stability and chap-
erone-like capacity of heteromeric 
αB-crystallin/Hsp20 complexes are in-
Figure 4. Chaperone-like activity of αB-crys-
tallin and Hsp20 homo- and hetero-oligomers. 
DTT-induced aggregation of 250 μg insulin at 
41°C was measured at 360 nm for insulin alone, 
and in the presence of 50 µg αB-crystallin, 
Hsp20 or αB-crystallin/Hsp20 (αB:p20 at ratios 
of 3:1, 1:1 and 1:3; w/w).
Figure 3. Resistance of αB-crystallin and 
Hsp20 homo- and hetero-oligomers to heat pre-
cipitation. Total amounts of 250 μg of αB-crys-
tallin, αB-crystallin/Hsp20 (αB:p20 at ratios of 2:
1, 1:1 and 1:2; w/w), or Hsp20 were incubated in 
1 ml 10 mM potassium phosphate buffer, pH 7.5, 
at a gradually increasing temperature, monitor-
ing the absorption at 360 nm.
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termediate between those of the homo-
oligomers. To assess whether these 
properties are primarily determined by 
the N-terminal or the C-terminal do-
mains of αB-crystallin and Hsp20, we 
constructed two chimeras, combining 
the N-terminal domain of αB-crystallin 
with the C-terminal domain of Hsp20, 
and vice versa (Figure 5). As domain 
border was taken the position of the first 
intron in the gene for αB-crystallin, as 
originally proposed by Wistow (1985), 
which also corresponds with the first 
intron in the Hsp20 gene (Kappé et al. 
2003).
Since the chimeric sHsps could only 
be purified under denaturing condi-
tions, the recombinant αB-crystallin and 
Hsp20 proteins that were used for com-
parison with the chimeras were dena-
tured and renatured as well. Renatured 
αB-crystallin was found at a mass of 
about 600 kDa (Figure 6A), while re-
natured Hsp20 showed two peaks cor-
responding to approximately 470-kDa 
oligomers and 40-kDa dimers (Figure 
6B). The apparently higher oligomeric 
mass of Hsp20 as compared to Figure 
1A is probably due to the renaturation 
procedure and to the fact that these 
samples were not preincubated at 37°C 
(see also Discussion). As observed be-
fore (van de Klundert et al. 1998), the 
relative amount of the dimeric form 
of Hsp20 increased at lower protein 
concentration (Figure 6B). The chi-
meric mutant N(αB)C(Hsp20) formed 
complexes with an elution time simi-
lar to that of αB-crystallin (Figure 6C). 
Similar to αB-crystallin, no dissociation 
into dimers was observed upon dilu-
tion. In contrast, the reciprocal chime-
Figure 5. Sequence alignment of human αB-crystallin and rat Hsp20. The border between the N- and 
C-terminal domains as used for constructing the chimeric mutants is indicated (▼). This site corresponds 
with an intron in the genes for αB-crystallin and Hsp20.
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ra N(Hsp20)C(αB) eluted in two forms, 
an approximately 560-kDa peak and a 
smaller component (Figure 6D). The 
mass of the smaller component was 
estimated as 35 kDa on a Superdex 75 
column (data not shown), correspond-
ing well with the expected mass of a 
N(Hsp20)C(αB) dimer (38 kDa). As in 
the case of Hsp20, the relative amount 
of the dimeric form of N(Hsp20)C(αB) 
increased upon dilution.
Similar to native αB-crystallin 
(Figure 3), the renatured protein showed 
no increase in light scattering at 360 nm 
up to 65°C (Figure 7). The renatured 
Hsp20 appeared somewhat more stable 
than the native protein, but remained 
much less stable than αB-crystallin 
(Figure 7 versus Figure 3). The chimeric 
mutant N(αB)C(Hsp20) was found to be 
essentially as resistant as αB-crystallin 
to precipitation up to 65°C. However, the 
N(Hsp20)C(αB) mutant was less stable 
than αB-crystallin, beginning to precipi-
tate above 62°C, but much more resist-
ant to precipitation than Hsp20. 
The capacities of renatured αB-
crystallin, Hsp20 and their chimeras to 
prevent the DTT-induced precipitation 
of insulin at 41°C are shown in Figure 8. 
As observed earlier (van de Klundert et 
al. 1998), αB-crystallin is again a much 
better chaperone than Hsp20 (Figure 8A 
and 8B). The mutant N(αB)C(Hsp20) 
turned out to be as good a chaperone 
as αB-crystallin (Figure 8C). However, 
the mutant N(Hsp20)C(αB) has a pro-
tective capacity which is intermediate 
between those for αB-crystallin and 
Hsp20 (Figure 8D).
Discussion
It has been well demonstrated, by 
gel filtration, sucrose gradient centrifu-
gation and immunoprecipitation of ex-
Figure 6. Complex size of renatured αB-crystallin (A), Hsp20 (B) and their chimeras N(αB)C(Hsp20) 
(C) and N(Hsp20)C(αB) (D) determined by Superose 6 HR 30/10 gel permeation. Proteins were applied 
in concentrations ranging from 0.05 to 1 mg/ml.
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tracts from muscle-type tissues that 
Hsp20 occurs in mixed complexes with 
αB-crystallin and Hsp27. It also is clear 
that Hsp20 and Hsp27, but not αB-crys-
tallin, partly dissociate from the mixed 
complexes into smaller oligomers upon 
heat stress or phosphorylation (Kato et 
al. 1994; Brophy et al. 1999a). However, 
there is considerable variation in the re-
ported masses of the mixed complexes 
and the dissociated forms. According to 
Kato et al. (1994) and Sugiyama et al. 
(2000), extracts from rat muscle and 
heart contain Hsp20 and Hsp27 in com-
plexes with apparent masses around 
550 and 50 kDa, while αB-crystallin is 
only associated with the former com-
plex. In contrast, Pipkin et al. (2003) re-
port that in rat heart homogenate Hsp20 
and αB-crystallin are associated in an 
approximately 200-kDa complex, with 
some Hsp20 at masses down to around 
60 kDa. In vascular smooth muscle 
extract, Hsp20 occurred at a mass 
“greater than 232 kDa”, which upon 
phosphorylation became “less than 158 
kDa” but “greater than 67 kDa” (Brophy 
et al. 1999a). These divergent findings 
for the masses of mixed complexes of 
Hsp20 in cell or tissue extracts are not 
too surprising. The three sHsps αB-
crystallin, Hsp20 and Hsp27 can occur 
at widely different ratios and thus may 
form a broad range of dynamic hetero- 
and homomeric complexes with varia-
ble sizes and stoichiometries. Moreover, 
additional sHsps, notably HspB2, cvHsp 
(HspB7) and HspB22 (HspB8) (Sun et 
al. 2004a), and interacting proteins may 
participate in the mixed complexes, and 
differential phosphorylations of each of 
the sHsps will affect the oligomeriza-
tion (Mehlen et al. 1995; Brophy et al. 
1999a; Rogalla et al. 1999; Ito et al. 
2001; Koteiche and Mchaourab 2003; 
Aquilina et al. 2004).
The reported masses of isolated 
Hsp20 vary considerably, too. Kato 
et al. (1994) reported masses of 200-
300 kDa and slightly smaller than 67 
kDa for Hsp20 purified from rat skel-
etal muscle. Recombinant rat Hsp20 
was found as 470-kDa oligomers and 
43-kDa dimers by van de Klundert et 
al. (1998), the ratio between the two 
forms depending on protein concentra-
tion. In contrast, Bukach et al. (2004) 
only observed oligomers with an ap-
parent mass of 54-58 kDa, presum-
ably dimers, for recombinant human 
Hsp20. Also in our present work we ob-
tain different estimates for the oligomer-
ic complex masses of Hsp20 in different 
experiments, around 200 kDa in Figure 
1 and 470 kDa in Figure 6. While the 
finding of dimeric Hsp20 is a constant 
feature, the discrepancies with regard 
to the presence and sizes of oligomeric 
Hsp20 complexes can be understood in 
light of the sensitivity of most sHsps for 
Figure 7. Resistance of renatured αB-crystallin, 
Hsp20 and their chimeras to heat precipitation. 
Proteins (100 μg) were gradually heated in 1 ml 
of buffer, recording the absorption at 360 nm. 
The difference in thermoresistance of Hsp20 as 
compared with Figure 3 is due to the refolding 
of the protein, as well as to different buffer con-
ditions.
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differences in isolation procedure, tem-
perature, pH, concentration and ionic 
conditions (Muchowski et al. 1997; Sun 
et al. 1997; Liang et al. 2000; Vanhoudt 
et al. 2000; Horwitz 2003).
Keeping these methodological com-
plications in mind, we may conclude 
that Hsp20 can occur in larger homo- 
and heteromeric complexes, but has a 
strong tendency to form homodimers, 
favored by heating to 45°C (Kato et al. 
1994), low protein concentration (van 
de Klundert et al. 1998) and phospho-
rylation (Brophy et al. 1999a). Hsp20 
thus has relatively weak interactions 
between subunits above the dimeric 
level. The prominence of dimeric build-
ing blocks of Hsp20 is illustrated by 
the unanimous observation that Hsp20 
largely migrates as disulfide-linked dim-
ers in non-reducing SDS-PAGE (Kato 
et al. 1994; van de Klundert et al. 1998; 
Bukach et al. 2004). The variable mass-
es reported for the larger complexes of 
purified Hsp20, between 200 and 470 
kDa, indicate in any case that oligomeri-
zation proceeds directly from the dimer 
to complexes of at least 10 or 12 mon-
omers, but never reaches the mass of 
around 600 kDa of the αB-crystallin 
complexes.
Hsp27 (Bukach et al. 2004) and αB-
crystallin (this paper) are readily incor-
porated in vitro into mixed complexes 
with Hsp20, and result in larger com-
plexes than formed by Hsp20 alone. 
Moreover, the incubation with αB-crys-
tallin or Hsp27 diminishes the propor-
tion of dimeric Hsp20. Our data indicate 
that there is no preferred stoichiometry 
for Hsp20 and αB-crystallin in the mixed 
complexes, just being determined by 
Figure 8. Chaperone-like activity of renatured αB-crystallin (A), Hsp20 (B) and their chimeras 
N(αB)C(Hsp20) (C) and N(Hsp20)C(αB) (D) determined by measuring the ability to prevent DDT-in-
duced precipitation of 250 μg insulin at 41°C. The chaperone to insulin ratios (w/w) are indicated.
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the starting ratio. This is in agreement 
with similar exchange experiments with 
plant sHsps, which moreover demon-
strated that dimers were the principal 
units of exchange (Sobott et al. 2002). 
The strong tendency of Hsp20 to form 
disulfide-linked dimers also suggests 
that it may exchange as dimers. In the 
case of αB-crystallin there is evidence 
both in favor of (e.g. Feil et al. 2001) and 
against (Aquilina et al. 2003) the exist-
ence of stable dimeric substructures. 
The fact that complexes of αB-crys-
tallin, Hsp20 and Hsp27 readily ex-
change subunits does not imply that 
all human sHsp can form hetero-oli-
gomers in all possible combinations. 
In muscle cells, Sugiyama et al. (2000) 
demonstrated that the hetero-oligom-
ers formed by αB-crystallin, Hsp20 and 
Hsp27 are completely independent from 
the complexes formed by HspB2 and 
HspB3, while Sun et al. (2004a) showed 
that Hsp22 (or HspB8) can interact 
with Hsp27, HspB2 and with cvHSP (or 
HspB7). It thus appears that the forma-
tion of mixed complexes by the human 
sHsps is clearly regulated. Such selec-
tivity in hetero-oligomer formation has 
also been documented for plant sHsps 
(Helm et al. 1997) and bacterial sHsps 
(Studer and Narberhaus 2000). 
Given that αB-crystallin and Hsp20 
differ considerably in their properties, 
we may wonder whether these differ-
ences can be attributed to the N- or 
C-terminal domains of these sHsps. It 
seems logical to assume that the spe-
cific properties of different sHsps are 
mostly determined by the more variable 
N-terminal domain, rather than by the 
conserved α-crystallin domain (Figure 
5). This seems to be confirmed in our 
experiments. The N(αB)C(Hsp20) chi-
mera is most similar to αB-crystallin, 
while N(Hsp20)C(αB) tends to have 
the properties of Hsp20. In neither case 
the properties are beyond the range of 
Hsp20 and αB-crystallin themselves. 
Interestingly, this is in stark contrast with 
the reported effects of domain swapping 
between human αA- and αB-crystallins 
(Kumar and Rao 2000). While the struc-
tural and functional properties of αA- 
and αB-crystallin are very similar, the 
chimera N(αB)C(αA) displayed a 3-4-
fold increase both in mass (>2000 kDa) 
and chaperone-like activity as com-
pared with the parent proteins, while the 
reciprocal N(αA)C(αB) retained normal 
complex size (approximately 620 kDa), 
but completely lost chaperone activity. 
  The involvement of the N-ter-
minal domain is certainly not the same 
for all sHsps. For instance, removal of 
the N-terminal domain from human αB-
crystallin (Feil et al. 2001), yeast Hsp26 
(Stromer et al. 2004), M. tuberculosis 
Hsp16.3 (Koteiche and Mchaourab 
2002) or Artemia p26 (Sun et al. 2004b), 
and deletion of residues 5-23 in human 
Hsp27 (Lambert et al. 1999) result in 
disassembly of the multimeric complex. 
In contrast, deletion of the N-terminal 
domain of the M. jannaschii Hsp16.5 
(Koteiche and Mchaourab 2002) and 
Sulfolobus tokodaii Hsp14.0 (Usui et al. 
2004) shows no effect on complex size. 
The effect on the chaperone-like activity 
is similarly variable. 
There is considerable evidence 
that also the C-terminal extension of 
the mammalian sHsps is highly impor-
tant for their various properties (e.g., 
Smulders et al. 1996; Liao et al. 2002; 
Pasta et al. 2002; Thampi and Abraham 
2003). It is therefore interesting to note 
that the highly different extensions of 
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αB-crystallin and Hsp20 (Figure 5) have 
no effects on the measured properties 
of αB-crystallin and the N(αB)C(Hsp20) 
chimera (Figures 6-8). Like for the N-
terminal domain, one clearly cannot 
extrapolate results obtained from any 
specific sHsps to other members of the 
family.
Unraveling the structure-function re-
lations and cellular roles of the human 
sHsps remains a challenging task, the 
more so when they occur in hetero-oli-
gomeric complexes.
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Introduction
The small heat shock proteins 
(sHsps) are a family of proteins that 
form a chaperone network in cells to-
gether with other chaperones, notably 
the Hsp70/DnaK, chaperonin, Hsp90 
and Hsp100/Clp families. Characteristic 
for the sHsp family of proteins is the 
relatively small monomeric size (12-43 
kDa), while a large number of them in-
crease their expression during heat 
stress, hence the name small heat 
shock proteins. However, not all proteins 
displaying these characteristics belong 
to the sHsp family. Examples are p23 
and Hsp33 (Bose et al. 1996; Hoffmann 
et al. 2004),  which lack the structural 
hallmark of the family of sHsps, a con-
served C-terminal domain of 80-100 
amino acids called the α-crystallin do-
main. To avoid confusion, the mem-
bers of the sHsp family should therefore 
more properly be indicated as “α-crys-
tallin-related small heat shock proteins” 
or, as proposed by  Scharf et al. (2001), 
as ACD (Alpha-Crystallin Domain) pro-
teins. Another characteristic of the 
sHsps is the formation of high molecu-
lar weight complexes which exchange 
subunits in a temperature-dependent 
manner. This ability is important for the 
in vitro capacity of many sHsps to pre-
vent aggregation and subsequent pre-
cipitation of proteins, which is called the 
chaperone-like activity.  
The main goal of the research de-
scribed in this thesis was to extend our 
insight in the structure, function and 
evolution of sHsps. To achieve this, 
sHsp sequences were collected from 
completely sequenced genomes, and 
from nucleotide and protein databases. 
Chapter 2 describes the search for all 
prokaryotic sHsps. Using phylogenetic 
analyses their molecular evolution was 
reconstructed, and secondary structures 
were predicted by evaluating sub-align-
ments with the PHD program (Rost and 
Sander 1995). To do something similar 
in humans a list of all human sHsps was 
obtained. Two novel sHsps were dis-
covered by searching the human EST 
database (Chapter 3) and a third nov-
el sHsp was found during an exhaustive 
search of the human genome (Chapter 
4). In all searches the sequence of the 
α-crystallin domain was used as a que-
ry, since it is well conserved and, as just 
mentioned, diagnostic for all members 
of the sHsp family. The second part of 
this thesis deals with the structural and 
functional properties of some animal 
sHsps. Chapter 5 describes the char-
acterization of Tsp36, a sHsp from the 
tapeworm Taenia saginata, containing 
two α-crystallin domains. Investigating 
this sHsp has resulted in some interest-
ing redox state dependent characteris-
tics. Finally, Chapter 6 shows the effect 
of mixing two human sHsps, αB-crys-
tallin and Hsp20, and swapping their 
N-terminal domains, on complex size, 
thermostability and chaperone-like ac-
tivity.
Prokaryotic sHsps
Until recently it was thought that 
important and ubiquitous heat shock 
proteins like DnaK/Hsp70, GroES/
chaperonins and sHsps were required in 
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all organisms. For DnaK/Hsp70 and the 
GroES/chaperonins this has changed 
after finding prokaryotes that do not 
possess any genes encoding these pro-
teins (Macario et al. 1999; Glass et al. 
2000). The search for sHsps in com-
pletely sequenced prokaryotic genomes 
described in Chapter 2 now showed that 
sHsp-encoding genes are lacking in a 
number of pathogenic bacteria (Kappé 
et al. 2002; Narberhaus 2002). How 
can these bacteria do without sHsps, 
assuming that these proteins are im-
portant and evolutionarily very old, as 
indicated by their presence in all three 
kingdoms of life? An important reason 
is probably the stability of the environ-
ments in which these pathogenic bac-
teria live. Since they all live inside their 
hosts, which provides a tightly control-
led environment, they may not require 
special protective proteins like sHsps.
The aligning and phylogenetic anal-
ysis of prokaryotic sHsps shows two 
things. First, except for some more 
closely related bacteria, the consensus 
tree as based on several tree-inferring 
methods is largely unresolved (Figure 2, 
page 29). This emphasizes the diversity 
in prokaryotic sHsp sequences. Second, 
the prokaryotic sequences do not group 
together with representative eukaryo-
tic sHsps, meaning no close relation-
ship between the studied prokaryotic 
and eukaryotic sHsps, again empha-
sizing the sequence diversity within this 
family. However, the resolved regions 
of the prokaryotic sHsp gene tree cor-
respond well with the ribosomal RNA 
based tree of life, indicating that there 
is no reason to assume that horizontal 
sHsp gene transfer has taken place. Not 
only is there a high sequence diversity 
in the N-terminal domain and C-termi-
nal extension of prokaryotic sHsps, also 
a wide range of functional properties 
has been reported (Narberhaus 2002). 
Finally, the secondary structure pre-
dictions show predominantly α-helices 
in the N-terminal domain, compared to 
mainly β-strands in the α-crystallin do-
mains.
Novel human sHsps
When evaluating the evolution 
and functional spectrum of the human 
sHsps, an overview of the complete 
set of sHsps would be very helpful. 
Therefore, the human EST database 
and the complete human genome were 
searched for novel sHsp genes. The 
EST database search resulted in two 
novel human sHsps, which were named 
HspB8 and HspB9 (Chapter 3), while 
the human genome search revealed an 
additional tenth sHsp, named HspB10 
(Chapter 4). The names HspB8, HspB9 
and HspB10 were chosen to comply 
with the Human Gene Nomenclature 
Committee which already resulted in 
the names HspB1 (for Hsp27), HspB2 
and HspB3. This leaves HspB4, HspB5, 
HspB6 and HspB7 as formal names 
for αA- and αB-crystallin, Hsp20 and 
CvHsp, respectively. The nomencla-
ture HspB1-B10 clearly distinguishes 
the sHsps containing an α-crystallin 
domain from other small proteins ex-
pressed during heat stress but lacking 
the α-crystallin domain.     
HspB8 had already been reported 
as H11 in a paper showing similarity to 
the large subunit of herpes simplex virus 
type 2 ribonucleotide reductase (Smith 
et al. 2000). However, the protein had 
not been recognized as a sHsp. Recent 
papers show that HspB8 interacts with 
other sHsps, increases its expression 
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upon heat stress and exhibits chaper-
one-like activity (Chowdary et al. 2004; 
Kim et al. 2004). Another recent paper 
reports K141N and K141E mutations in 
HspB8 resulting in distal hereditary mo-
tor neuropathy type II in two pedigrees 
(Irobi et al. 2004). Interestingly, muta-
tions of the corresponding basic residue 
in αA- and αB-crystallin (R116C and 
R120G, respectively) result in congeni-
tal cataract and desmin-related myopa-
thy, respectively (Litt et al. 1998; Vicart 
et al. 1998). Also in Hsp27 a number of 
mutations are found that cause axonal 
Charcot-Marie-Tooth disease and distal 
hereditary motor neuropathy (Evgrafov 
et al. 2004). These mutations clearly 
suggest a role for sHsps in neuromus-
cular functioning (Benndorf and Welsh 
2004).
HspB9 had not been reported in the 
literature before it was found in the EST 
database. Next to its specific expression 
in testis and certain cancer tissues, and 
its potential interaction with TCTEL1, a 
light chain component of cytoplasmic 
and flagellar dynein (de Wit et al. 2004), 
not much is known about this sHsp. It 
is remarkable that the sequence di-
vergence between human and mouse 
HspB9 is much higher than between the 
human and mouse orthologues of all 
other sHsps. This may suggest a sex-
related role since such proteins often 
evolve faster.
The tenth sHsp, named HspB10, 
was already known as sperm tail out-
er dense fiber protein 1 (ODF1). Like 
HspB9, expression is limited to testis, 
and unlike other human sHsps it con-
tains a characteristic Pro-Cys-X repeat 
in the C-terminal extension, where X 
is mostly Ser or Asn. Variation in the 
length of this repeat seems to have lit-
tle impact on its function since a 27-bp 
deletion polymorphism displays no fer-
tility problems (Hofferbert et al. 1993). 
HspB10/ODF1 is a major component of 
the outer dense fiber of the sperm tail, 
which is assembled along the axoneme 
during development of the sperm and 
functions as a passive elastic structure, 
providing elastic recoil for the sperm tail 
(Baltz et al. 1990).
HspB8, HspB9 and HspB10 extend 
the number of human sHsps to a final 
total of ten. This considerable number 
is in agreement with the 12 sHsps in 
Drosophila melanogaster (Michaud 
et al. 2002), 16 in Caenorhabditis 
elegans (Candido 2002) and even 44 
in Arabidopsis thaliana (Scharf et al. 
2001). The generally high number of 
different sHsps in eukaryotes can be 
explained when considering that these 
organisms have many differentiated 
cells, forming tissues requiring sHsps 
with specific properties. 
Structural and functional aspects of 
sHsps
Determining the properties of T. 
saginata Tsp36 shows a reversible di-
sulfide formation between the single 
cysteines present in the Tsp36 mono-
mers (Chapter 5). This disulfide forma-
tion is not unique for Tsp36. It is known 
that murine Hsp25 can form disulfides 
that do not influence the chaperone-
like activity and other properties of the 
protein complex (Zavialov et al. 1998), 
in contrast to Tsp36 where disulfides 
promote the formation of tetramers 
which have a better chaperone-like ac-
tivity than the dimers. Hsp20 also has 
been found as disulfide-linked dimers in 
rat heart tissue (van de Klundert et al. 
1998). Both, Hsp25/27 and Hsp20 dim-
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ers were found intracellularly, which in-
dicates the functional importance of 
these dimers in cells. For Tsp36 this 
is not known, but it is tempting to think 
of the disulfide formation as a regula-
tor of the chaperone-like activity, and 
at the same time as a way to provide a 
sulfhydryl buffer reminiscent of the glu-
tathione system (Zavialov et al. 1998). 
An example of proteins that have such 
a dual function are the yeast cytosol-
ic peroxiredoxins PrxI and II (Jang et 
al. 2004). The dynamically changing 
quaternary structure of these proteins 
transforms a low molecular weight form 
possessing mainly peroxidase activity 
into a high molecular weight form with 
mainly chaperone activity. During heat 
shock this is triggered by an increase in 
reactive oxygen species.
Heteromeric sHsp complexes can 
be formed between certain sHsps. 
For example, αB-crystallin and Hsp20 
are two human sHsps that easily form 
heteromeric complexes in vivo. In vitro, 
mixtures with different αB-crystallin to 
Hsp20 ratios show intermediate com-
plex size, chaperone-like activity and 
thermostability as compared to homo-
meric αB-crystallin and Hsp20 com-
plexes, which possess quite opposite 
properties (Chapter 6). So, by changing 
the ratio of different sHsps, a cell could 
adapt the properties of sHsp complex-
es to its specific needs at a certain mo-
ment.
Swapping the N- and C-terminal 
domains of αB-crystallin and Hsp20 
allowed to asses the roles of both do-
mains in the properties of the wild type 
sHsps. The results indicate an impor-
tant role of the N-terminal domain in 
determining the complex size, chap-
erone-like activity and thermostability. 
Secondary structure predictions mainly 
indicate α-helices in the N-terminal do-
mains of prokaryotic sHsps (Chapter 2), 
human sHsps (Chapter 3 and 4) and 
platyhelminth sHsps (Chapter 5). In 
contrast to the static β-sheet structures 
in the α-crystallin domain, the α-helical 
content is likely to provide flexibility to 
the N-terminal domain which together 
with its sequence diversity may account 
for the multitude of properties found for 
sHsps.
Prospects
The sHsps are involved in an as-
tonishing variety of cellular functions 
and processes (see Figure 1). They are 
known to inhibit apoptosis (Fernando 
et al. 2002; Fan et al. 2004), regu-
late cytoskeletal architecture (Quinlan 
2002) and relax vascular smooth mus-
cle (Beall et al. 1997; Flynn et al. 2003). 
In addition, the sHsps are increasingly 
known to be involved in neuromuscular 
diseases (Benndorf and Welsh 2004), 
neurodegenerative diseases (Head et 
al. 1993; Brzyska et al. 1998; Stege et 
al. 1999) and age related processes 
(Walker et al. 2001; Morrow et al. 2004). 
Knowing the properties of the human 
and other sHsps is vital to understand 
their functions, however, the wide vari-
ety of the observed properties compli-
cates establishing common functions. 
A further complicating factor is the in-
creasing evidence that posttranslational 
modifications, notably phosphorylation, 
plays an essential role in modulat-
ing stuctural and functional properties 
of the sHsps (Woodrum et al. 2003; 
Aquilina et al. 2004).
The conspicuous sequence diversi-
ties of the sHsps, both within and be-
tween species, complicates the search 
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for common functions. The increasing 
availability of completely sequenced ge-
nomes of prokaryotes and eukaryotes 
will even further increase the number 
of known sHsps, but will ultimate-
ly contribute to our understanding of 
these proteins. Together with addition-
al solved structures (by x-ray diffraction 
and NMR) and additional experimental 
data, it will be possible to determine the 
function of individual or closely related 
sHsps. Already, the number of cellular 
processes in which sHsps are found 
to be involved is constantly increasing. 
Very interesting in this respect are the 
recently described mutations in Hsp27/
HspB1 and HspB8 leading to neu-
romuscular diseases (Evgrafov et al. 
2004; Irobi et al. 2004). These findings, 
together with the previously described 
mutations in αA- and αB-crystallin, 
make the human sHsps very interesting 
research objects with respect to their 
roles in these diseases. 
Similarly, additional proteins like 
Tsp36 are being found in parasitic 
worms that are responsible for major 
health issues around the world (Colley 
et al. 2001). A number of these pro-
teins are known to be major antigens, 
as in Schistosoma mansoni (Nene et al. 
1986) and Echinococcus multilocularis 
(Merckelbach et al. 2003). The limited 
data available indicate an interesting 
role for these double α-crystallin do-
main sHsps during infection and main-
Figure 1. Overview of cellular processes in which small heat shock proteins are involved: a) protecting 
cells from interactions between aberrant proteins, b) interactions and re-arrangements of cytoskeletal 
proteins, c) inhibiting apoptosis, d) a number of neuromuscular diseases, e) vascular relaxation and f) 
increasing the life expectancy in e.g. Drosophila melanogaster.
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tenance of the parasites in infected 
hosts. Together with the unique feature 
of two α-crystallin domains these partic-
ular sHsps make a very interesting ob-
ject for further research.
Taken together, it is clear that much 
further work is needed to fully under-
stand the involvement of the sHsps in 
cellular processes.
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Samenvatting
De kleine heat shock eiwitten 
(sHsps) vormen een familie van eiwiten 
met een massa tussen de 12 en 43 
kDa. Samen met de chaperonines en 
de Hsp70/DnaK, Hsp90 en Hsp100/Clp 
families zijn ze verantwoordelijk voor de 
correcte vouwing van eiwitten in de cel. 
Alle sHsps bezitten een geconserveerd 
domein van ongeveer 100 aminozuren 
dat het α-crystalline domein genoemd 
wordt. Alhoewel het relatief kleine eiwit-
ten zijn vormen ze grote complexen die 
op een temperatuur-afhankelijke wijze 
kleinere complexen uitwisselen. Dit dy-
namische evenwicht speelt een belang-
rijke rol in het beschermend effect dat 
deze eiwitten vertonen wanneer andere 
eiwitten ontvouwen tijdens stress-situ-
aties. Dit beschermende effect wordt 
ook wel de chaperonne activiteit van 
sHsps genoemd. Het uitgangspunt van 
het onderzoek beschreven in dit proef-
schrift was het vergroten van de kennis 
met betrekking tot de structuur, de func-
tie en de evolutie van deze sHsps. 
Na een inventarisatie van alle sHsps 
die te vinden zijn in bekende prokary-
ote genomen, en in eiwit en nucle-
otide databanken, is in hoofdstuk 2 de 
moleculaire evolutie van deze sHsps 
bepaald. Ondanks het niet volledig kun-
nen bepalen van alle verwantschap-
pen kwamen degene die wel bepaald 
konden worden goed overeen met de 
op rRNA gebaseerde “Tree of Life”. 
Opvallend is dat prokaryote organis-
men die geen sHsp coderende genen 
bezitten alle pathogeen zijn. Vóór deze 
bevinding ging men er vanuit dat sHsps, 
die voorkomen in alle drie de domein-
en van het leven, in alle organismen 
voorkwamen. Naast het bepalen van 
de verwantschappen is de secundaire 
structuur van de gevonden sHsps voor-
speld en is gebleken dat er een voorkeur 
bestaat voor een α-helix structuur in het 
N-terminal domein in tegenstelling tot 
de voornamelijk β-sheet structuur van 
het α-crystalline domein.
In hoofdstukken 3 en 4 staat be-
schreven hoe een volledige lijst van alle 
humane sHsps verkregen is. Hierbij is, 
net zoals bij het zoeken naar prokary-
ote sHsps specifiek gezocht naar het 
voor sHsps unieke α-crystalline domein. 
In de EST database zijn EST’s gevon-
den van twee genen die coderen voor 
niet eerder gepubliceerde sHsps. Een 
tiende gen van een niet eerder gepub-
liceerd sHsp is gevonden in het com-
plete humane genoom. In verband met 
een uniforme naamgeving en in over-
eenstemming met de Human Gene 
Nomenclature Committee zijn deze ei-
witten HspB8, HspB9 en HspB10 ge-
noemd. Naast de al in gebruik zijnde 
namen HspB1 (voor Hsp27), HspB2 
en HspB3 kennen wij de formele na-
men HspB4 tot en met HspB7 toe aan 
respectievelijk αA- en αB-crystalline, 
Hsp20 en CvHsp. Eerdere publica-
ties maken melding van HspB8 als ki-
nase H11, een eiwit lijkend op de grote 
subunit van het herpex simplex virus 
type 2 ribunucleotide reductase, en 
van HspB10 als zijnde sperm tail outer 
dense fiber protein 1 (Odf1). Beide ei-
witten werden echter niet beschreven 
als sHsps.
Recente artikelen laten voor HspB8 
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karakteristieke sHsp eigenschappen 
zien zoals chaperonne activiteit en ver-
hoogde expressie tijdens hitte stress. 
Andere recente artikelen maken mel-
ding van mutaties die distale hereditaire 
motor neuropathie type II tot gevolg 
hebben. Deze mutaties zijn extra inte-
ressant aangezien mutaties van de 
corresponderende aminozuren in αA- 
en αB-crystalline aanleiding geven tot 
respectievelijk congenitale katarakt en 
desmine-gerelateerde myopathie. Een 
aantal mutaties in Hsp27 geven aanlei-
ding tot de axonale Charcot-Marie-Tooth 
ziekte en distale hereditaire motor neu-
ropathie. Dat mutaties in sHsps deze 
neuromusculaire ziektes tot gevolg heb-
ben wijst op een belangrijke rol van 
sHsps in spier- en zenuwweefsel.
Van HspB9 was nog niets bekend 
op het moment dat het gen van dit ei-
wit gevonden werd in de EST database. 
De gevonden HspB9 EST’s komen uit-
sluitend uit testis en kanker weefsels. 
Verder is er een mogelijke interactie 
gevonden tussen HspB9 en TCTEL1, 
een light chain component van het cy-
toplasmatisch en flagellair dyneine. Wat 
opvalt aan HspB9 is de relatief lage 
identiteit tussen de humane en muize 
sequenties. Deze is beduidend lager 
dan de identiteit tussen de humane en 
muize orthologen van de andere sHsps. 
Dit wijst op een mogelijke sex-gerela-
teerde rol aangezien dat  soort eiwitten 
over het algemeen sneller evolueren.
Net zoals HspB9 komt HspB10 al-
leen maar tot expressie in testis. Uniek 
voor dit sHsp is de Pro-Cys-X repeat 
in de C-terminale extensie, waarbij X 
veelal voor Ser of Asn staat. HspB10 
vormt een onderdeel van de outer 
dense fiber die weer onderdeel is van 
de staart van de zaadcellen.
Het totale aantal sHsps in mensen 
is vastgesteld op 10 stuks. Dit aantal 
is overeenkomstig het aantal dat ge-
vonden is in Drosophila melanogaster 
(12), in Caenorhabditis elegans (16) en 
in Arabidopsis thaliana (44). Het hoge 
aantal verschilende sHsps in eukaryo-
ten hangt samen met het grote aantal 
verschillende cellen en weefsels waarin 
sHsps met specifieke eigenschappen 
gevraagd worden.
In hoofdstukken 5 en 6 wordt er 
gekeken naar de structurele en func-
tionele eigenschappen van sHsps. In 
hoofdstuk 5 wordt Tsp36 van de lint-
worm Taenia saginata gekarakteri-
seerd. Dit sHsp bezit, in tegenstelling tot 
de meeste andere sHsps, twee α-crys-
talline domeinen en in het N-terminale 
domein van dit eiwit wordt ook voorna-
meijk een α-helix structuur voorspeld. 
Het eiwit wordt als dimeren en tetrame-
ren gevonden, afhankelijk van de re-
dox status van de omgeving. In een 
reductieve omgeving worden dimeren 
gevormd met een slechtere chaperonne 
activiteit dan die van de tetrameren die 
gevormd worden in een oxidatieve om-
geving. Het enige cysteine residu in het 
eiwit speelt hierbij een belangrijke rol. 
Aangezien niet bekend is waar in de lint-
worm Tsp36 tot expressie komt is ook 
niet bekend in welke vorm Tsp36 nor-
maal gesproken te vinden is. Mogelijk 
is Tsp36 net zoals glutathion verant-
woordelijk voor een sulfhydryl buffer en 
regelt de redox toestand van de omge-
ving de chaperonne activiteit. Ten tijde 
van een oxidatieve stress wordt dan de 
tetrameer met een grotere chaperonne 
activiteit gevormd.
Hoofdstuk 6 gaat over de eigen-
schappen van mengcomplexen van 
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αB-crystalline en Hsp20 en van mu-
tanten van deze eiwitten waarbij het 
N-terminale domein is uitgewisseld. 
αB-crystalline en Hsp20 hebben een 
complexgrootte, chaperonne activiteit 
en thermostabiliteit die veel verschil-
len. Het mengen van αB-crystalline en 
Hsp20 in verschillende verhoudingen 
heeft tot gevolg dat de complexgrootte, 
chaperonne activiteit en thermosta-
biliteit van de mengcomplexen tus-
sen die van αB-crystalline en Hsp20 in 
komen te liggen. Het uitwisselen van de 
N-terminale domeinen van αB-crystal-
line en Hsp20 laat zien dat dit domein 
voor een groot gedeelte bepalend is 
voor de eigenschappen van deze ei-
witten. De eiwitten die het N-terminale 
domein van αB-crystalline bevatten 
hebben dezelfde eigenschappen als die 
van αB-crystalline. De mutant met het 
N-terminale domein van Hsp20 heeft ei-
genschappen die liggen tussen die van 
αB-crystalline en Hsp20 in.
De sHsps blijken bij een toenemend 
aantal cellulaire processen betrokken te 
zijn, zoals het voorkomen van ongewen-
ste interacties tussen beschadigde en 
onjuist gevouwen eiwitten, het aangaan 
van interacties en herschikken van cy-
toskeletaire eiwitten, het remmen van 
apoptose, het ontspannen van bloed-
vaten en het verhogen van de leeftijd 
van organismen (zie figuur 1 pagina 97). 
Tevens spelen sHsps een rol bij een 
aantal neuromusculaire en neurodege-
neratieve ziektes, en tijdens infecties 
van gastheren door pathogene plat-
wormen en door bepaalde bacteriën. 
Wat de exacte rol van de sHsps in al 
deze cellulaire processen en ziektes 
is blijft echter grotendeels nog steeds 
onduidelijk. Het bestuderen van zoveel 
mogelijk sHsps is erg belangrijk om 
meer over deze functies te weten te 
komen. Wat echter duidelijk is, is dat de 
verscheidenheid aan eigenschappen 
het moeilijk maakt om gemeenschap-
pelijke functies vast te stellen.
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